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i INTRODUCTORY LETTER 

INTRODUCTORY LETTER 
Dear Colleagues, 

In the spring of 2021, the U.S. Department of Energy (DOE) Office of Energy Efficiency and Renewable 
Energy (EERE) Bioenergy Technologies Office (BETO) continued its long-standing commitment to 
transparency by implementing the tenth biennial external review since 2005 of its research, development, and 
demonstration portfolio. Conducted in accordance with EERE Peer Review guidelines, the review was 
designed to provide an external assessment of the projects in BETO’s portfolio and collect external stakeholder 
recommendations on BETO’s overall scope, focus, and strategic direction. Results of the Project Peer Review 
may help inform programmatic decision making and impact future budget and funding opportunity decisions. 

This review is critical to the success of BETO’s mission, which focuses on high-impact, broadly applicable 
applied research, development, and analysis. Activities funded by BETO strategically address technology 
challenges and uncertainties to accelerate the scale-up and commercialization of bioenergy technologies, which 
are an important component of decarbonizing the transportation sector and the U.S. economy. At BETO, we 
are committed to accountability in project management and in our role as stewards of taxpayer dollars. BETO 
actively manages projects toward high-impact results. The Peer Review is an invaluable opportunity for 
independent reviewers to rigorously evaluate the management, technical approach, impact, and progress and/or 
outcomes of projects in the BETO portfolio as well as the program strategies that guide technology area 
development. Further, it is a unique opportunity for external stakeholders to hear, in a compact and consistent 
format, about progress from every corner of the portfolio.  

The 2021 Peer Review comprised two levels of review: (1) individual projects were scored on the basis of 
management, technical approach, impact, and progress and outcomes; and (2) each technology area portfolio 
was evaluated for overall strategy and progress. This report contains the results of both levels of review and the 
inputs of approximately 400 participants in the Peer Review process, including principal investigators, 
reviewers, and BETO’s staff and contractors. 

BETO thanks all the reviewers who participated in this review as well as the more than 1,000 attendees of the 
Project Peer Review event. Our reviewers include some of the most experienced and knowledgeable experts in 
the bioenergy community, and we appreciate their insights and recommendations. Achieving the objectives of 
BETO depends on the effective management of all projects in BETO’s existing portfolio and on the 
appropriate focus and structure of future initiatives. BETO values the input of all stakeholders in the bioenergy 
sector and looks forward to working with them in the years ahead to continue progress on the path toward 
building a successful bioenergy industry and a sustainable bioeconomy. 

 

Sincerely, 

 
Valerie Reed 
Director, Bioenergy Technologies Office 
Office of Energy Efficiency and Renewable Energy 
U.S. Department of Energy 
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ii EXECUTIVE SUMMARY 

EXECUTIVE SUMMARY 
The U.S. Department of Energy (DOE) Office of Energy Efficiency and Renewable Energy (EERE) Bioenergy 
Technologies Office (BETO) manages a diverse portfolio of technologies covering the full spectrum of 
bioenergy production, from the feedstock source to the end use, as illustrated in Figure 1. BETO systematically 
prioritizes research, development, and demonstration (RD&D) into technology opportunities across a range of 
emerging scientific breakthroughs and technology readiness levels. This approach supports a diverse RD&D 
portfolio while developing the most promising and widely applicable technologies, testing technologies as 
integrated processes, and demonstrating integrated processes to support scale-up. These technologies will use a 
broad variety of currently underused domestic biomass and waste resources to produce increasing volumes of 
biofuels and bioproducts. 

 

Figure 1. Biomass-to-bioenergy supply chain 
The biennial Peer Review process enables external stakeholders to provide feedback on the responsible use of 
taxpayer funding and develop recommendations for the most efficient and effective ways to accelerate the 
development of a bioenergy industry. This report includes the results of the Project Peer Review meeting held 
in March 2021.  
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ACRONYMS AND ABBREVIATIONS 
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1 INTRODUCTION 

INTRODUCTION 
The Project Peer Review meeting took place virtually on March 8–12, 15–16, and 22–26, 2021. The Peer 
Review brought together reviewers, BETO staff, project performers, and other stakeholders along the entire 
bioenergy supply chain. Projects were systematically reviewed by 67 external subject matter experts from 
industry, academia, nonprofit, and government. BETO’s funding portfolio was presented in 12 technology 
areas: 

• Advanced Algal Systems 

• Agile BioFoundry 

• Biochemical Conversion and Lignin Utilization 

• Carbon Dioxide Utilization  

• Catalytic Upgrading 

• Co-Optimization of Fuels and Engines  

• Data, Modeling and Analysis 

• Feedstock Technologies 

• Feedstock-Conversion Interface Consortium 

• Performance-Advantaged Bioproducts, Bioprocessing Separations, and Plastics 

• Organic Wastes 

• Systems Development and Integration. 

Each review session was structured with a technology area overview that linked the projects in the portfolio to 
the technology area challenges and the program strategy for measuring progress and managing deliverables 
toward outcomes. Each review session had a panel of independent reviewers that reviewed and scored each 
individual project as well as provided overall recommendations regarding the strategy and progress of the 
technology area. The 271 project presentations reviewed represent a total DOE investment of $662 million and 
cover activities that incurred costs from fiscal years (FY) 2019–2021. Because some activities were initiated 
prior to FY 2019, and because some FY 2020 and FY 2021 appropriations have not yet been invested in 
projects, the fiscal year appropriations to BETO during the same time period do not neatly correspond to the 
total investment in the activities that were reviewed. Figures 2 and 3 depict the number of presentations 
reviewed by technology area session and the associated funding allocation. Results of the 2021 BETO Peer 
Review may be used to help inform programmatic decision making, modify or discontinue existing projects, 
guide future funding opportunities, and support other budget and strategic planning objectives. 
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Figure 2. Number of presentations by technology area session 
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Figure 3. Total BETO funding of reviewed activities by technology area session 

 
ROLES AND RESPONSIBILITIES 
The BETO 2021 Peer Review was planned by an internal planning committee. The reviews were conducted by 
external individuals with expertise in their fields and organized into Review Panels, one panel of individuals 
for each of the 12 review sessions. The internal planning committee comprised BETO federal and contractor 
staff and was designated with the responsibility for developing and coordinating all aspects of the review 
process, from initiation through completion, in compliance with EERE standards for conducting Project Peer 
Reviews. This committee included a federal lead and a contractor support person for each of the 12 technology 
areas as well as a federal Peer Review chair and assistant review chair responsible for all aspects of the overall 
process, with support of a coordination and execution support team. Support contractors from Boston 
Government Solutions, Allegheny Science & Technology, BCS LLC, Redhorse Corporation, and The Building 
People LLC provided planning support and meeting logistics for each session and for the overall Peer Review.  

The Review Panels for each technology area consisted of five to seven external individuals who were selected 
based on technical expertise and professional qualifications in their designated technology area. Efforts were 
made to ensure experiential, institutional, and geographic diversity within each Review Panel by including a 
mix of reviewers from industry, academia, and federal agencies, with a range of expertise in the many focus 
areas within each technology area. Reviewers were required to sign legal agreements confirming an absence of 
a conflict of interest with the projects they reviewed. Final decisions on reviewer selection were made by the 
internal planning committee, with final approval by BETO’s director. In addition, one reviewer on each panel 
was designated as the lead reviewer. In most cases, lead reviewers had previous experience participating as a 



2021 PROJECT PEER REVIEW 

 

4 INTRODUCTION 

reviewer in a prior BETO Project Peer Review. The extra responsibilities of the lead reviewer included 
gathering the individual reviewer comments and scores and synthesizing them into a summary report for 
inclusion in this document. 

Table 1 list the members and affiliations of the lead reviewers of each panel. Members of each technology area 
Review Panel are listed within each technology area session summary. 

Table 1. Lead Reviewers 

Name Affiliation 
Jesse Bond Syracuse University 

Jeanette Brown Manhattan College 

Phil De Luna National Research Council Canada 

Glenn Farris Lee Enterprises Consulting, Inc. 

Kevin Fingerman Humboldt State University 

Daniel Lane Saille Consulting 

Jaime Moreno The GWP Group 

Mark Penshorn Penshorn Analysis 

Pamela Peralta-Yahya Georgia Institute of Technology 
Cory Phillips Phillips 66 

Christopher Rao University of Illinois at Urbana-Champaign 

Matt Tobin Independent consultant 
 
PROJECT EVALUATION CRITERIA  
Reviewers evaluated each project on specific criteria, including management, approach, impact, and progress 
and outcomes. These evaluation criteria served as the template for the scores and comments provided to each 
project: 

• Management—Projects were evaluated on the degree to which:  

o The project performers have a clear management plan and successful implementation 
strategy, which includes risk identification and mitigation strategies. 

o The project provides routes for communication and collaboration with related projects and/or 
advisory boards, if appropriate. 

• Approach—Projects were evaluated on the degree to which: 

o The project performers have developed an approach with substantial merit to advance the 
state of the art, as relevant to the defined BETO program and technology area goals. 

o The project performers have developed an approach with significant potential for innovation 
in its application. 

• Impact—Projects were evaluated on the degree to which:  

o The project demonstrated a clear connection of project approach to the potential for 
significant impact and outcomes. 
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o The project has clear commercialization potential or has used or plans to use industry 
engagement to guide project deliverables, as relevant. 

• Progress and outcomes—Projects were evaluated on the degree to which:  

o The project has made appropriate progress toward addressing the project goal(s). 

o The accomplishments have been achieved on schedule with the planned approach, and, if 
relevant, the risk mitigation strategies have been employed to maintain project progress. 

Scores ranged from 5 (outstanding) to 1 (unsatisfactory) per the rubric in Table 2.  

Table 2. 2021 BETO Project Peer Review Scoring Rubric 
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FORMAT OF THE REPORT 
Information in this report has been compiled as follows and is based on the following sources:  

1. BETO overview: This section provides an overview of BETO’s mission, vision, and goals, as well as 
descriptions of BETO’s approach to achieving technical goals and the challenges in doing so.  

2. Peer review report introduction: This section contains overview information on the Peer Review 
process, roles and responsibilities, and project evaluation criteria.  

3. Technology area summaries: This section contains 12 chapters that represent the comprehensive 
evaluation for each technology area reviewed. Each chapter includes: 

A. Introduction: An overview of the technology area’s project portfolio, including total funding of 
the projects reviewed and percentage of total BETO project portfolio. 

B. Review Panel members: A list of names and affiliations for each individual who provided project 
evaluations and contributed to the Review Panel summary report. 

C. Review Panel summary report: This summary of project evaluations provides insight regarding 
the technology area’s overall strategy and progress. This chapter was drafted by the lead reviewer 
for each technology area in consultation with the full Review Panel. Consensus among the 
reviewers was not sought, and reviewers were asked to include differences of opinion and 
dissenting views within the report.  

D. Technology area programmatic response: Represents the program’s official response to the 
recommendations provided in the Review Panel summary report. 

E. Project evaluations: The project reports summarize the results of each project evaluated during 
the review process, including the following elements: 

i. Project name and the lead project performer organization: The full project name is 
listed as the heading, followed by the lead project performer’s organization.  

ii. Average project score per review criterion: A bar chart depicts the average scores for 
each evaluation criterion, the range of scores per criterion given to the project by the 
individuals within the Review Panel, the average project score, and the average of all the 
projects in the technology area per criterion.  

iii. Summary table: Reference information about the project, which includes the recipient 
organization, principal investigator (PI), project dates, and total DOE funding.  

iv. Project descriptions: Compiled from the abstracts submitted by the project performer.  

v. Reviewer comments: Verbatim comments made by the Review Panel, edited only for 
grammar and clarity. Each bulleted response represents the opinion of one reviewer. 
Reviewers were not asked to develop consensus remarks, and in most cases the reviewers 
did not discuss their overall comments on each project with one another. In a limited number 
of cases, reviewer remarks deemed inappropriate or irrelevant were excluded from the final 
report.  

vi. PI response to reviewer comments: The response to the reviewer comments provided by 
the project performers. Responding to reviewer comments was optional. 



ADVANCED ALGAL SYSTEMS PROGRAM
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INTRODUCTION 
The Advanced Algal Systems Technology Area is one of 12 technology areas that were reviewed during the 
2021 Bioenergy Technologies Office (BETO) Project Peer Review, which took place virtually March 8–12, 
15–16, and 22–26, 2021. A total of 46 presentations were reviewed in the Advanced Algal Systems session by 
eight external experts from industry, academia, and other government agencies. For information about the 
structure, strategy, and implementation of the Technology Area and its relation to BETO’s overall mission, 
please refer the corresponding Program and Technology Area Overview presentation slide decks, which can be 
accessed here: https://www.energy.gov/eere/bioenergy/2021-project-peer-review-advanced-algal-systems-
program. 

This review addressed a total U.S. Department of Energy (DOE) investment value of approximately $107.4 
million, which represents approximately 16% of the BETO portfolio reviewed during the 2021 Peer Review. 
During the Project Peer Review meeting, the presenter for each project was given 25 minutes to deliver a 
presentation and respond to questions from the Review Panel.  

Projects were evaluated and scored for their project management, approach, impact, and progress and 
outcomes. This section of the report contains the Review Panel Summary Report, the Technology Area 
Programmatic Response, and the full results of the Project Review, including scoring information for each 
project, comments from each reviewer, and the response provided by the project team.  

BETO designated Christy Sterner as the Advanced Algal Systems Technology Area Review Lead, with 
support from Jamie Meadows (American Association for the Advancement of Science [AAAS] Science & 
Technology Policy Fellow). In this capacity, Christy Sterner was responsible for all aspects of review planning 
and implementation. 
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ADVANCED ALGAL SYSTEMS REVIEW PANEL SUMMARY REPORT  
Prepared by the Advanced Algal Systems Review Panel 

INTRODUCTION 
The entirety of the 2021 BETO Peer Review of the Advanced Algal Systems (AAS) served to reconfirm the 
U.S. Department of Energy’s standing as a global leader in its commitment to use algae as a basic platform to 
address critical societal challenges. The projects reviewed reflect the workstreams and technology 
development efforts needed to develop sustainable algal feedstocks and conversion processes in service of 
producing renewable fuels, bioproducts, and chemical intermediates. While the overall goals remain ambitious 
and challenging, the status of the projects showcase a steady and compounding progress that results in our 
continued, confident, and optimistic view for the technology area and its future successes.  

The AAS Peer Review Team reviewed a portfolio of 46 projects as part of the 2021 BETO Project Peer 
Review. The reviews were conducted by two panels. Panel A reviews were undertaken on March 9 for Strain 
Development Projects (WBS 1.3.1), March 10 for Strain Development and Systems Integration Projects (WBS 
1.3.5), and March 11 for Systems Integration Projects. Panel B reviews were undertaken on March 22 and 23 
for Cultivation System Improvement Projects (WBS 1.3.2), and on March 24 for Cultivation System 
Improvements, Logistics (WBS 1.3.3), and Conversion Interface (1.3.4). 

The Peer Reviewers were able to access project materials online via the Peer Review Tool beginning on 
February 22, 2021, for their review and preparation prior to the formal Peer Review. The reviewers were 
subsequently active participants in the individual project presentations and the follow-up question-and-answer 
periods. After each day of presentations, the Peer Review Team and the AAS Team met to debrief and engage 
in discussion regarding the daily session.  

The Peer Reviewers provided comments and scores for each individual project using the Peer Review Tool. 
All reviews and scoring were completed by April 1, and the scoring was in accord with the assigned DOE 
Project Scoring Rubric, with scores ranging from 1 (Unsatisfactory) to 5 (Outstanding).  

A follow-up video meeting was held on May 14 by the Peer Review Team to discuss general and specific 
topics and to gather input for this summary report. An initial draft of the summary report was circulated among 
the team members to provide an opportunity for comments and review ahead of its issuance in final form. 

As otherwise expected, this summary does not necessarily reflect a uniformity of opinion by all of the 
reviewers. Where appropriate, the important differences are reflected herein. The inherent value provided by 
differing professional backgrounds, training, experiences, perspectives, and expertise of each individual 
reviewer serves to inform the review as a whole. 

It is important to emphasize that the materials reviewed and the corresponding project presentations were all 
limited in presentation time, the question-and-answer period, and especially in the scope of the entire endeavor 
to solely reflect publicly appropriate data and technology disclosures. These combined conditions limit the 
public dialogue and the natural curiosity regarding confidential project data, commercial sensitivities, 
intellectual property, and other similar related matters. Deference is needed in these regard to BETO and 
AAS’s overall responsibilities that are part of the standing mechanisms of active management for the portfolio 
and all individual projects. These formal efforts directly address procedural and contractual reviews, 
verification processes, milestone reviews, decision points, independent reviews, stakeholder engagement, and 
other similarly important elements. 

Regardless of these limitations, the materials, accomplishments, and achievements presented during the Peer 
Review collectively report a very healthy rate of success by any measurable scientific, technical, or business 
metric. The portfolio represents a very successful return on investment for BETO and AAS as they continue to 
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serve as the thought and investment leaders for this important and promising component for the future 
economy.  

STRATEGY 
1. The Advanced Algal Systems technology area has a very well-defined strategy regarding mission, goals, 

and sets of technical targets. 

AAS has, by virtually every measure, become the de facto thought and investment leader in this space. It 
is the primary sponsor for much of the basic research; drives the applications of learnings; has developed 
and defined all the important metrics and measures; has established all the important short-, medium-, 
and long-term goals in service of commercialization; provides the line(s) of sight needed to achieve 
success; and supports the development of virtually all tools and techniques of relevance.  

AAS continues to refine, expand, and adjust its efforts and portfolio to reflect learnings, new discoveries, 
and uncovered opportunities. AAS remains practically focused and responsive to feedback, commercial 
interests, and new opportunities. The efforts both in detail and in the aggregate are intended to attract and 
develop commercial interests and investment in service of developing an entire industry to deliver 
renewable bioenergy and profitable coproducts from the algae platform.  

2. AAS has been able to qualitatively evaluate, set parameters, identify process integration needs, and 
highlight specific areas and priorities needed for improvement to achieve the defined targets and metrics 
necessary to advance concepts and opportunities into viable forms of renewable bioenergy and related 
coproducts. 

Industry and stakeholders often repackage their own needs and interests in terms of AAS goals and 
parameters, but often with vague, tangent, or oblique application to bioenergy end products. Much of the 
laboratory, industry, and stakeholder community place their emphasis on scientific inquiry, products, or 
coproducts that in some instances are not of tangible bioenergy commercial interest. Additionally, some 
other individual stakeholder’s view of the governing dynamics or larger circumstances often results in 
default outcomes where despite good project progress, future opportunities for next steps in deployment 
or scale do not seem viable. 

While remaining respectful of the underlying integrity and obligatory self-interest of all the awardees, 
we can illustrate these dynamics using three of the projects reviewed. The Lumen Bioscience project 
(1.3.2.601) as a part of the Productivity Enhanced Algae and Tool-Kits (PEAK) portfolio openly 
represents that their work is in service of the company’s commercial ambitions and are not intended to 
produce any energy products, but rather their technology advances may at some point be useful to other 
interests in pursuit of energy products or coproducts. Separately, the MicroBio Engineering projects 
(1.3.5.243 and 1.3.2.600) present important information and report good progress that can directly 
support bioenergy products and coproducts, but they also readily acknowledge the difficulties in 
pursuing larger scales and attracting industry investment. 

It is noteworthy to highlight a project that does appear to be tracking toward meaningful commercial 
success. The UC San Diego project (1.3.2.650) presented the advancement of its efforts to a stage where 
coproducts are nearing a point where outside commercial partner interests and associated investment 
potentials seem quite viable. This project may serve as a success example and possible template for other 
coproduct or first product applications. 

3. The Peer Review Team generally believes that the AAS approach and portfolio are very well designed, 
balanced, and managed. The staggered nature, informed decision-making, and aggregating benefits are 
reflected in the program structure, the national laboratory efforts, and the ongoing funding opportunity 
announcement (FOA) award. Adjustments in details, emphasis, priorities, and topics are made in real 
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time and reflect prior learning, and the lessons from earlier efforts are incorporated into AAS’s next 
endeavors. 

We believe that AAS is at a point in the program where they are in a good position to make thoughtful 
and appropriate upselections, downselections, augments, and other modifications to the technical areas 
that reflect their direct and comprehensive insights at project, topic, and program levels.  

Based upon the public reviews, we highlight the need to concentrate additional efforts targeted toward 
some standardization, repeatability, and scale, along with the ability to share learnings and finally create 
a broader opportunity for the application of outdoor cultivation using genetically modified strains of 
algae.  

The portfolio has been advanced to a point where we believe it is both possible and appropriate to 
consider the standardization of some baseline techniques, measurements, equipment, and experiment 
durations. Examples include measuring algal productivity to be more comprehensive than just a single 
parameter that has inherent limits in translatability; adoption of standards for laboratory photobioreactors 
to allow meaningful comparisons of results across the range of projects in the portfolio; adoption of 
duration and seasonal standards for experiments used to establish any measured or performance value; 
and further alignment and definition of input parameters and methods of analysis used for techno-
economic analysis (TEA) and life cycle assessment (LCA). 

We believe there may be an opportunity to review the portfolio for possible redundancies and overlaps, 
as well as to concentrate efforts to monitor or otherwise gauge the repeatability or expected repeatability 
of experimental results across the projects. 

BETO and the AAS Team are well aware of the challenges faced by the portfolio and the industry as a 
whole regarding the ability to scale any and all of the individual components, as well as the larger 
integration of unit operations. This remains a serious obstacle for larger adoption and commercial 
opportunities. We believe that it is important to implement a disciplined and systematic program to 
establish accurate scaling methodologies, techniques, validations, calibrations, and sensitivities that can 
be of great service to the industry, and that BETO is uniquely poised and qualified to undertake and 
support such an effort. 

While appreciating all the issues associated with coordinating and sharing data across projects, as well as 
the challenges and practical legal limits whenever technology, commercial interests, and intellectual 
property are involved, we feel it is important to always attempt to improve, however possible, the ability 
to share information and learning between projects and interested parties. Formalized group workshops 
and encouraging the use of mutual and reciprocal nondisclosure agreements between projects may be 
approaches that can improve the current condition.  

It was very encouraging that a few of the projects had efforts incorporated to run some outdoor 
experiments using genetically modified algae. We understand the difficulties associated with these types 
of endeavors and applaud those projects, their principal investigators (PIs), and the AAS Team for the 
leadership in this area. We believe this area of work represents a tremendous (although not necessarily 
immediate) AAS opportunity that as of this date has been a gap in the portfolio. A systematic and 
structured plan to develop interest, methodologies, facilities, infrastructure, regulatory support, and 
access to other federal agencies that are well versed in the subject matter could serve as a tremendous 
resource to advance the AAS technology area.  

4. Based on our reviews, we believe that the AAS Team is making very good use of the available funding 
mechanisms. The program structure, the wide variety of awardees, and the AAS Team’s active 
management of the portfolio have served to achieve strong results. 
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The eight rounds of FOA procurements have been logically sequenced and structured to address specific 
known challenges and topics. They reflect previous learning and experience and are designed to make 
adjustments that reflect the states of knowledge and technology. 

The National Laboratories Harmonization, Collaboration, and Conversion and the Analysis Strain 
Characterization and Improvement efforts have created an overall program framework that will continue 
to benefit and improve all future endeavors. Most importantly, perhaps, these efforts can help create 
overall alignment and common standards for the entire program. 

Some annual operating plan (AOP) efforts seemed less clear than the FOA programs. The national 
laboratories remain well poised to undertake direct efforts that can close some gaps and address 
important AAS challenges. Perhaps the AAS Team can provide an assessment regarding how prior 
efforts were scoped and identified and then measure the results against the AAS goals. Using this effort 
as a baseline and using the most current or updated set of AAS goals or gaps, the AAS Team and the 
national labs can better coordinate any future AOP research efforts to create better alignment and 
measure of results. 

STRATEGY IMPLEMENTATION AND PROGRESS 
1. The AAS project portfolio relates very accurately to the area’s strategic direction, with a healthy 

distribution of approaches and investigators that allows for a risk-balanced approach to many critical 
areas that are recognized as needing improvement to achieve Multi-Year Program Plan (MYPP) goals. 
Utilization of atmospheric carbon dioxide (CO2), compounding improvements in growth rates, and 
projects focused on understanding and improving algae health and crop protection are all reporting 
significant success and are in direct service of supporting AAS’s strategic direction. 

We would like to acknowledge the productive efforts and flexibility of the AAS Team and the individual 
project teams in navigating the many challenges that resulted from the COVID-19 pandemic. Most 
projects were able to maintain progress or construct repair schedules going forward to recover end-of-
project goals. 

The National Renewable Energy Laboratory’s (NREL’s) Algae Technology Educational Consortium 
(1.3.5.201) represents a standout example of a very successful and highly impactful project. The project 
is developing a nationwide education and workforce training network that will be of service to the 
nation’s future bioeconomy. This project is an outstanding example of the completeness of the portfolio, 
reflects the promise inherent in AAS, and is confidently premised on future success so as to prepare, 
engage, and be ready to mobilize a workforce for the future.  

2. Similar to success in achieving strategic results, the AAS project portfolio is also supporting and 
advancing leading-edge work within the field. Notable and meaningful progress is being achieved by the 
Development of Integrated Screening, Cultivar Optimization, and Verification Research (DISCOVR) 
project and the national laboratories harmonization efforts integrating resources assessment; productivity 
modeling; site-specific productivities, yields, and water balances; and TEA and LCA. Similarly, the 
national laboratory conversion analysis for hydrothermal liquefaction (HTL) and combined algae 
processing (CAP), including Aspen modeling, provide a stand-alone framework for consistent and 
accurate independent evaluation for developing baselines, comparing alternatives, strain types, and 
locations. These tools will also go a long way into providing meaningful insights and conclusions 
regarding the mass and energy balances of integrated systems and the technical and economic viability 
of fuels and companion coproducts.  

3. Based on the materials that were publicly presented, growth rates, CO2 utilization, harvesting, and crop 
protection criteria are approaching targeted goals. Larger-scale integration and commercial applications 
for bioenergy and coproducts do not yet seem entirely viable and continue to remain elusive. There does 
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not seem to be any meaningful commercial interest for investment at hand or being lined up or explored. 
A coproduct or first coproduct (footwear) does seem viable in the near term and is attracting commercial 
interest and support. The Peer Review Team notes a wide variety of methodologies and assumptions 
being used for the LCA/TEA among many of the projects, with corresponding representations that most 
project goals are being achieved. We can only comment that despite these and the otherwise 
overwhelming declarations of individual project success, the apparent inability to attract outside 
commercial interest or partnership is unfortunate and disappointing.  

4. The public presentations advertise strong success and achievement of goals. We might note some small 
degree of redundancy, as well as the completion of some long-term projects, where the original basis of 
the work has been superseded by more recent undertakings and developments. These are both reasonable 
and expected outcomes of a multiyear, multiportfolio assembled program. Regardless, the uniform view 
is that the AAS Team is actively managing the projects and the entire portfolio in an effective and 
productive fashion that ensures good stewardship of the committed resources and drives for the best 
possible outcomes for the project performers and the government. 

Lastly, we note that in a few instances, the reviewers had difficulty determining how much actual 
progress some projects had made since the previous Peer Review.  

RECOMMENDATIONS 
1. Institute a project (or subprogram) to address the translational gaps between lab and field results that 

currently inhibit the development of commercial opportunities.  

A. Ensure that laboratory-scale measurements for growth rates or any other performance 
characteristic can be accurately translated as scales increase and locations vary. 

B. The project or subprogram should also consider the scaling of all unit operations that are relevant 
to converting algae to a product, establish reliable methodologies to accurately translate lab to field 
results, and ensure that the results are appropriate for the scaling needed to achieve commercial-
scale and viable production volumes and economics. 

2. Augment and expand the current national lab analysis and modeling efforts (such as the LCA, 
microalgae, and TEA analysis projects; thermochemical interface project; algal feedstocks logistics and 
handling project; HTL model development; and DISCOVR projects) to establish nationwide platforms to 
model and evaluate the overall performance, required inputs and resources, environmental impacts, and 
economic viabilities of proposed strains, individual geographic locations, technologies, and products.  

A. Predict strain growth rates geographically. 

B. Establish mass balances for processes being proposed, developed, or considered.  

C. Ensure standardization of metrics and assumptions so all suitable projects in the portfolio can be 
evaluated using these as reliable diagnostic tools. 

D. Consider requiring all suitable projects to submit key data that can be used by these tools to 
independently assess key performance criteria and metrics separate of the project participants own 
efforts—especially with regard to strain, site selection, TEA, LCA, and mass and energy balances.  

3. Ensure that entities that receive funds from BETO are advancing the algae biofuels industry and are 
addressing AAS programmatic goals. For research scientists (academics and national lab researchers), 
ensure that all research projects are working toward addressing AAS program goals and not simply 
pursuing science for its own sake. For industry partners, include a stipulation in FOAs requiring they 
pursue support, interest, and possible funding from outside sources other than BETO. The final project 
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goals should require documentation of efforts to attract outside interest that may result in additional 
investment or some form of commercial support. The purpose of both of these refinements is to 
incorporate additional incentives for the performers and to deliver additional tangible project outcomes 
that can be used by AAS in subsequent upselection and downselection decisions. 
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ADVANCED ALGAL SYSTEMS PROGRAMMATIC RESPONSE 
INTRODUCTION 
The AAS Program Team thanks the reviewers for their detailed review and assessment of the AAS portfolio of 
projects, as well as of the program overall. We appreciate the acknowledgement that while the goals are 
ambitious and challenging, steady, continuous progress is being made toward a viable and sustainable algae 
industry. 

As noted, the Peer Review is the culmination of independent reviews of a minimum of 80% of the program’s 
project portfolio, as well as the program’s strategy, implementation of that strategy, and the progress made 
toward the goals defined within that strategy. The Peer Review meetings are open to the public, limited in time 
(in order to include a detailed program overview and as many project presentations as possible), all materials 
are developed for public disclosure, and all discussions are limited to publicly available information. BETO 
and the AAS Team recognize reviewers’ and participating parties’ natural desire for more details and data 
related to the specific technologies and processes presented throughout Peer Review. Consequently, the AAS 
Team greatly appreciates the reviewers’ acknowledgement of this and their efforts to limit their reviews and 
comments to reflect the information as it was provided in the presentations, question-and-answer sessions, and 
any additional discussions. Furthermore, we cannot stress enough our appreciation for the importance and 
significance of the reviewers’ following statements, “Regardless of these limitations, the materials, 
accomplishments, and achievements presented during the Peer Review collectively report a very healthy rate 
of success by any measurable scientific, technical, or business metric. The portfolio represents a very 
successful return on investment for BETO and AAS as they continue to serve as the thought and investment 
leaders for this important and promising component for the future economy.” We work very closely with our 
stakeholder community—academia, national laboratories, and industry—to identify and support the areas of 
research and development necessary to make the greatest impact on advancing the algal biofuels and 
bioproducts industry. Input from our stakeholder community through multiple avenues such as Peer Review, 
workshops, requests for information, conferences, individual project reviews, and meetings between our staff 
and stakeholders is vital to our collective and continued success as an industry. 

The AAS Program’s multiyear strategy incorporates the outcomes and lessons learned from the project 
portfolio, input from stakeholders, literature from industry-relevant scientific journals, and modeling and 
analyses. As the reviewers note, the strategy is fluid in that we refine the strategy to reflect “learnings, new 
discoveries, and uncovered opportunities.” We appreciate the reviewers’ positive comments relative to our 
strategy, approach, and portfolio. We plan to continue in this fashion, striving to constantly increase 
stakeholder interaction and input and adjust our strategy to reflect feedback, industry needs, and new 
opportunities.  

The reviewers note that for a handful of projects, the tie to AAS metrics and goals is not clear, and it appears 
that the research is geared toward their own corporate interests. Our funding opportunity announcements, as 
well as our annual operating plans for the research at the national labs, are developed to address the research 
and development (R&D) needs of the industry in support of the overall AAS goals. The AAS Program will 
continue to align projects with AAS and BETO goals. 

While the reviewers indicate strengths of the program’s approach and portfolio, they offer some suggestions 
for efforts going forward such as standardization, repeatability, scaling, sharing learnings, and creating 
opportunities for outdoor cultivation using genetically modified strains of algae. We agree with the reviewers 
that standardization relative to some baseline techniques, measurements, equipment, and experiment durations 
have the potential to further advance the portfolio and the industry. We have efforts underway regarding all of 
these aspects and will continue to work with our stakeholders and industry partners to proactively address 
these suggestions. For example, NREL has established standard operating procedures (SOPs) for various 
experimental techniques utilized in algal research and development. The SOPs are posted on NREL’s website. 
We regularly encourage our projects to utilize these SOPs in their research. The AAS Team welcomes 
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engagement with the industry on measurements and parameters that are or can be applicable and comparable 
across the many different algae technologies and processes. These are ongoing conversations and have 
extended beyond the industry stakeholders to include other government offices and agencies such as the Office 
of Fossil Energy and Carbon Management and U.S. Department of Agriculture.  

Scaling and commercialization are the ultimate goals of all of the R&D programs within BETO. As the 
reviewers note, BETO and the AAS Team are well aware of the challenges faced by the portfolio and industry 
relative to the ability to scale and integrate unit operations. We appreciate the reviewers’ comments about 
BETO being uniquely poised and qualified to implement a program to establish scaling methodologies, 
techniques, validations, calibrations, and sensitivities to further scaling and commercial opportunities. BETO 
has a specific program in place to address scale-up and commercialization, and the AAS Program includes 
scale-up and commercialization considerations in our strategy and both short- and long-term goals.  

The AAS Program recognizes the importance of sharing information and learnings between projects and 
interested parties. We also agree with the reviewers that workshops and encouraging partnerships and mutual 
and reciprocal nondisclosure agreements between projects can further these activities. The AAS Program has 
instituted FOA-specific workshops designed for awardees from those FOAs to share plans, lessons learned, 
ideas, and results over the course of their projects. For example, the PEAK FOA included a specific workshop 
for the awardees at the planning stages for the required PEAK challenges in order for the awardees to share 
ideas, plans, and lessons learned as each prepared their own specific plans for their respective PEAK challenge 
experiment. The first workshop was very successful. This same approach has been implemented in the latest 
FOA. The AAS Team includes partnering in all of their funding opportunities and will continue to do so going 
forward. 

Another component of the AAS strategy is to require outdoor testing (or, depending on the particular FOA or 
AOP request, testing in outdoor-simulated conditions with a plan for future outdoor testing). We recognize the 
value of iterative testing between indoors and outdoors and working to close the translational gap between the 
two. Of course, outdoor, real-world environment testing is critical for advancing the organisms and 
technologies toward scale-up and commercialization. This includes testing of genetically modified organisms. 
The AAS Program’s strain development activities allow for genetically modifying organisms. We do not have 
any control over permitting for testing outdoors, but we do work closely with our sister agency counterparts 
that do. Therefore, we understand the timelines and the data and information needed for the permitting. Our 
FOAs allow the use of genetically modified organisms (GMOs) with the requirement that applicants include 
the time in their project schedules needed to pursue and receive the proper permitting. 

The AAS Team appreciates the reviewers’ comments regarding the FOAs and their relevance to the states of 
knowledge and technology. We base our FOA strategy on identified gaps in the most impactful research and 
development as noted through lessons learned in our research portfolio, stakeholder input and feedback, 
modeling and analyses, and assessment of how to reach out-year goals. The reviewers suggested using a 
comparative analysis of previous AOP scoping efforts and how the results from those efforts feed into and/or 
meet AAS goals, and then use that analysis as a baseline with the current AAS goals to better align AOP 
research efforts with those goals. Similar to our FOAs, AOPs are developed with the AAS barriers, metrics, 
and goals in mind. This includes research from lab-scale bench testing to the outdoor testing within the 
DISCOVR AOP project. The AAS Team recognizes this may not have been conveyed well during the Peer 
Review and agree that presenting our approach and rationale for AOP work through the results of an 
assessment such as the one suggested may make the alignment clearer to stakeholders and future reviewers. 

As noted by the reviewers, the AAS Program is not only achieving strategic results, but supporting and 
advancing leading-edge work within the field. The harmonization efforts bring together resource assessments, 
productivity modeling, and TEAs/LCAs to provide information and valuable tools to the industry. We 
appreciate the reviewers’ acknowledgement and comments regarding the valuable and long-term impacts of 
these efforts. They similarly note the progress being made by the DISCOVR project as well as the HTL and 
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combined algae processing efforts. We agree and continue to support and advance these efforts to provide 
baseline and comparative information for the industry. We are currently planning additional harmonization 
efforts between all of these activities to strengthen each with even more consistent and validated data, 
information, and informed detailed assumptions where real data are not currently available. As the data related 
to those assumptions become available, they are updated accordingly. We also agree that while it is 
disappointing that outside commercial interest is not at a level this industry needs and that would make a 
substantial impact, we do believe that continuing to work together with our vast array of stakeholders on these 
activities, as well as the rest of our portfolio and our plans for future work, commercial interest and 
commitment can and will ramp up in the short term and be maintained long term as we continue to make 
progress.  

Recommendation 1: Institute a project (or subprogram) to address the translational gaps 
between lab and field results that currently inhibit the development of commercial 
opportunities.  

A. Ensure that laboratory-scale measurements for growth rates or any other performance 
characteristic can be accurately translated as scales increase and locations vary.  

B. The project or subprogram should also consider the scaling of all unit operations that are relevant 
to converting algae to a product, establish reliable methodologies to accurately translate lab to field 
results, and ensure that the results are appropriate for the scaling needed to achieve commercial-
scale and viable production volumes and economics. 

As noted previously, the AAS Program Team recognizes the need to close the translational gap between lab 
and field results. This includes advancing and optimizing prediction tools and models, and understanding and 
supporting scaling needed to achieve commercial-scale and viable production volumes and economics. We 
have multiple efforts currently underway to address all of these aspects and will continue to do so going 
forward, adjusting real time for successes, lessons learned, and new opportunities within each. For example, 
within the DISCOVR project, the project partners utilize the data and parameters from real outdoor 
experimentation at the Arizona Center for Algae Technology and Innovation (AzCATI), Arizona State 
University, to run indoor experiments to identify and close the gaps on the indoor/outdoor translation of 
predictions and results. This is an iterative process and includes indoor/outdoor/indoor efforts. Many projects 
within the portfolio take this approach, such as Los Alamos National Laboratory’s Multi-Scale 
Characterization effort, which is also very synergistic with and informative to the DISCOVR project. The 
resource assessments, as well as the productivity models and predictive data sets and tools, continue to 
advance, allowing the projects and industry in general to better utilize these tools to make informative plans 
and decisions for their own work.  

The ultimate goal of any research and development program is to advance from lab R&D through the 
necessary scaling stages to commercial-scale and production volumes. We work closely with our stakeholder 
community to understand what those scales are (e.g., R&D, pre-pilot, pilot, demo, and any identified necessary 
in between) and how and when to best pursue them. As the reviewers noted previously, BETO is 
knowledgeable and experienced in scale-up and well positioned to make it happen. We also understand the 
risks involved in scaling, particularly new technologies, and the importance of unit operation integration and 
ultimately market assessment and commercialization. We agree that there are technologies within our portfolio 
and the algae industry that are ready to scale up and others that are very close. We will continue to work with 
our stakeholders to pursue these efforts through the mechanisms and funding available to us.  

Recommendation 2: Augment and expand the current national lab analysis and modeling 
efforts to establish nationwide platforms to model and evaluate the overall performance, 
required inputs and resources, environmental impacts, and economic viabilities of 
proposed strains, individual geographic locations, technologies, and products. 

A. Predict strain growth rates geographically. 
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B. Establish mass balances for processes being proposed, developed, or considered. 

C. Ensure standardization of metrics and assumptions so all suitable projects in the portfolio can be 
evaluated using these as reliable diagnostic tools. 

D. Consider requiring all suitable projects to submit key data that can be used by these tools to 
independently assess key performance criteria and metrics separate of the project participants own 
efforts—especially with regard to strain, site selection, TEA, LCA, and mass and energy balances.  

The AAS Team appreciates this recommendation and agrees there may be ways to expand and augment the 
analysis and modeling efforts to address the many suggestions noted above. Many of the analysis and 
modeling efforts such as the LCA and TEA and the resource assessment have been “harmonized” to 
standardize many items like inputs and outputs, resources, metrics, targets, assumptions, unit operations, 
scales, and operating parameters. Projects are always encouraged to engage participants in other projects, share 
information, publicize their results and lessons learned, and share as much information about their efforts as 
possible. The DISCOVR consortium is another good example of harmonizing efforts across the analysis and 
modeling platforms, as well as the lab portfolio and the competitive FOA portfolio. Many industry 
stakeholders, as well as project participants, work directly with the DISCOVR consortium to share and test 
strains, data, operating logistics and parameters, biomass characteristics, crop protection information and 
strategies, and gap analysis. As noted, many of the projects have growth, productivity, TEA, and LCA models. 
Some use the TEA and LCA models utilized by the program, whereas others have their own or augment the 
program models with their specific technologies’ information. The program’s state-of-technology reports, as 
well as the TEA and LCA models and analyses and resource assessments, are shared to provide a framework 
for standardization across the industry.  

We have additional mechanisms in place to standardize metrics, key data, assumptions, and other project data 
across the many projects in the portfolio as well. For example, all of our FOAs include a requirement to 
complete a technical data sheet. The technical data sheet is designed per FOA, representing the metrics and 
goals not only required within the specific FOA, but individual project metrics and goals (as a project 
management tool) as well. The idea behind utilizing this data sheet is that it can be used to standardize 
measurements, units, metrics, volume requirements, economics, and goals across all projects awarded from 
that FOA. Beyond this capability, it can be used as a project management tool to monitor and track progress. 
Even though the data sheet is specific to each FOA, there are common measurements and metrics relatively 
applicable to many, if not all, such as productivity and yield. This also allows the program a way to assess, 
harmonize, and compare the various fields across the projects. Similarly, we also require TEAs and LCAs from 
all of our projects. This is a way to get project personnel thinking more long-term about the economic viability 
and feasibility of their technology, as well as the environmental impacts of their technology. Many projects 
also include requirements for mass and energy balances. Other projects are required to provide specifications 
for their proposed product regime, including the characterization of their algal biomass, to see if they can meet 
those specifications.  

The activities noted above are already underway; however, they are not standardized across the portfolio. They 
are not generally included in our AOP projects, and they are not generally harmonized with our assessment, 
analysis, and modeling efforts with the national labs in order to provide an apples-to-apples comparative basis 
and/or validation tool. There is definitely value in doing so. As the reviewers note in their summary statements, 
we also work within the intellectual property realm and consider business-sensitive/confidential/proprietary 
information related to data sets, technologies, and the applied research and development itself. Therefore, we 
also have to be sensitive of how this information can be harmonized and utilized. Many of our current 
competitive projects (from FOAs) provide data and input into the TEA, LCA, HTL, and CAP projects. In 
fiscal year (FY) 2021, we are initiating an effort to advance the harmonization and collaboration between the 
resource assessments, TEA, LCA, HTL, and CAP efforts even further. We believe this will address much of 
the recommendation above, as a deliverable from this effort can be a set of measurements, metrics, units, and 
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information we can potentially request from all of our projects to support and validate project and 
portfolio/program success and advancement.  

Recommendation 3: Ensure that entities that receive funds from BETO are advancing the 
algae biofuels industry and addressing AAS programmatic goals. For research scientists 
(academics and national lab researchers), ensure that all research projects are working 
toward addressing AAS program goals and not simply pursuing science for its own sake. 
For industry partners, include a stipulation in FOAs requiring they pursue support, interest, 
and possible funding from outside sources other than BETO. The final project goals should 
require documentation of efforts to attract outside interest that may result in additional 
investment or some form of commercial support. The purpose of both of these refinements 
is to incorporate additional incentives for the performers and to deliver additional tangible 
project outcomes that can be used by AAS in subsequent upselection and downselection 
decisions. 
The AAS Program Team appreciates this recommendation as well. Like the other two recommendations, we 
have current activities that address this recommendation. For example, in an effort to continually improve on 
aligning our research activities with AAS program goals, in FY 2021, the AAS Team participated in issuing a 
formal “lab call” for new AOPs (along with the other BETO Programs). Each year, we have AOP projects 
ending, some continuing, and some new projects beginning. This particular year, the AAS Program had a large 
number of AOP projects ending and chose the lab call mechanism as a more formal way (as noted in the 
recommendation) to pursue new AOP efforts closely aligned with AAS goals and the R&D needs and 
priorities of the industry. This effort is currently open and underway.  

Relative to near-term, field-oriented and technology development projects, although we have not required what 
is proposed in the recommendation in the past, we have always strongly encouraged partnering, particularly 
with industry partners to drive the research in a commercialization direction. We have had a few FOAs where 
including industry partners and actually producing and characterizing proposed products is required. As the 
technologies and industry continue to advance toward commercialization, the AAS Team agrees that it is 
absolutely necessary to attract and involve outside interests for a variety of reasons. We will continue to 
explore this recommendation as to how to best incorporate this idea into future funding opportunities and 
mechanisms within our regulations. 
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IGET: INFORMATICS-BASED GENETIC TOOLS FOR RAPID 
ENHANCEMENT OF PRODUCTION STRAINS 
Los Alamos National Laboratory 

PROJECT DESCRIPTION 
The algal research community needs genetic 
engineering tools and protocols to reach BETO’s 
Advance Algal Systems’ production targets of algae 
biomass yields. Targets of 30 tons ash-free dry 
weight algae biomass per acre per year with 
conversion yields of 80 gallons gasoline equivalent 
(GGE) per ton of biomass by 2023 support the 2029 
goal of $2.5/GGE mature modeled minimum fuel selling price for advanced biofuels. To reach these goals, we 
need to increase the number of algal characterizations and experiments being performed and increase the 
number of genetically engineered algal strains in active development. Focusing on developing basic genetic 
engineering toolboxes is recommended to support strain improvement efforts. This proposal aims to address 
two significant problems hampering genome and metabolic engineering efforts across the algal research space. 
The first problem is the lack of available resources regarding promoter choice in genetic engineering 
expression tools for algal production strains. Currently, only a handful of extremely strong promoters are being 
used to drive gene overexpression for products of interest. While this approach will work to improve 
productivity in some cases, the algal community requires a more varied library of promoter sequences to fine-
tune expression of certain genes and multi-gene pathways. As we continue to improve informatics and 
biochemical pathway annotations, new target genes and pathways for genetic engineering are emerging. For 
this reason, we are working to develop curated promoter libraries of varying expression strength and inducible 
conditions, so these libraries are ready for immediate use as synthetic biology and genome engineering efforts 
continue to expand and improve.  

A second problem is a lack of precise and rapid generation of new genetic mutants. Currently, most effort 
spent during algal genome engineering projects is on simply generating the mutants. This leaves minimal time 
for characterizing mutant properties, let alone generating lots of mutants for characterization. During this 
project, we will also develop CRISPR (clustered regularly interspaced short palindromic repeats) Cas9 stable 
expression cell lines for the BETO-relevant algal production strain Scenedesmus obliquus UTEX393 that can 
be utilized to generate newly engineered algal strains in a streamlined manner.  

Key deliverables: 
IGET: Informatics-based genetic tools for rapid enhancement of production strains will provide the algal 
engineering community with crucial, verified tools and methods that will increase both the pace and 
approachability of algal genetic engineering research. We will generate practical genetic toolboxes using 
Nannochloropsis salina, Scenedesmus obliquus UTEX393, and Picochlorum celeri. The genetic toolboxes 
delivered will include a native promoter library for the selected algal strains with constitutive promoters of 
varying gene expression strength ranging over one thousand fold from strongest to the weakest promoter in the 
library, a stably expressing Scenedesmus obliquus UTEX393 Cas9 cell line to be used for rapid genome 
engineering applications, and application of our new promoter libraries to transcription factor gene 
enhancement to improve lipid and/or biomass accumulation in Nannochloropsis salina and Scenedesmus 
obliquus. 

WBS: 1.3.1.001 

Presenter(s): Blake Hovde 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $200,000 
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Photo courtesy of Los Alamos National Laboratory 
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COMMENTS 
• It may well be the case that this reviewer does not have a deep enough appreciation of the technical 

challenges involved and practical challenges that this project may have encountered. From the materials 
presented, it is difficult to ascertain the degree to which the project was organized to interact with and in 
support of other BETO programs and goals. Some of the possible risks did materialize without any 
apparent effective follow-up mitigation or adjustments. The absence of an abstract and the lack of 
outcomes for measuring progress or addressing the end-of-project milestone make it hard to gauge the 
project’s final end state. 

• Overall, this project seems slightly behind schedule due to the initial experimental approach involving 
randomly integrating promotors transgene. The proposed strategy to achieve more consistent gene 
expression is promising. The project team meets weekly and project structure is clearly defined. Primary 
risk of validating gene expression is identified. Overall approach seems sound. Initial approach involving 
random integration to study gene expression was an unfortunate choice; positional effects of transgene 
expression in algae are well documented in the literature. New strategy to target specific integration sites 
using CRISPR is good. Release of the promoter libraries for the three target strains would be useful for 
the academic and industrial communities. Progress toward validating gene expression of the promoters 
was hampered by selecting random integration strategy; new strategy involving CRISPR should yield 
more fruitful results. 

• Technical risks appear unclearly described and unmitigated in this project. The team’s constrained staff 
size lends well to clear and constant communication. The team’s late pivot away from random 
integration of promotors and toward more precise engineering strategies reflects a capacity to identify 
real risks and underscores the need to identify and ameliorate them before they arrive. The choice to use 
native promotors eliminates many regulatory hurdles and increases the likelihood these data will 
contribute to real-world successes. The approach of utilizing transcriptome to inform a bioinformatics 
pipeline and validate assumptions using quantitative polymerase chain reaction (qPCR) is 
straightforward logic. Creation of a publicly available promotor library for industrially relevant algae 
strains has significant potential impact. The express train tool described could reduce research and 
development timelines for future strain development. The poor correlation between predicted and 
measured expression levels and variability of expression between clones shows more work is needed to 
complete several unanticipated tasks in the short time left on the period of performance. This work is 
valuable even if not completed within schedule constraints. Successful completion of this project appears 
on track now that a plan for consistent promoter insertion is planned. 

• The team has developed an approach for the rational selection of stably expressing promoters of various 
strengths by using transcriptomics to build a native promoter library for a given algal strain. Enabling the 
public to access this method through the development of the tool, ExpressTrain, would greatly enhance 
the capabilities of the algal research community and industry when developing molecular tools for 
diverse algae strains. Promoter libraries have been developed for Nannochloropsis and Scenedesmus; 
however, the team is facing significant challenges validating promoter strength due to random 
integration of the CRISPR/Cas9 expression construct. As a mitigation strategy, the team is developing 
CRISPR/Cas9 safe harbor cloning methods to improve the accuracy of promoter strength measurements. 
If molecular validation problems persist, the PI might also consider validating the bioinformatics 
pipeline by applying it to a model alga with well-established molecular tools so that molecular validation 
of predicted promotors could be achieved as a proof of concept. If predicted promoter libraries can be 
validated, the results of this project would be a significant contribution to the field. 

• The team will use gene expression-level analysis and informatics tools to inform promoter identification 
and selection. Then they will clone promoter candidates into algal strains. Finally, they will validate the 
promoter induction strength using qPCR. Due to uniqueness of algal strains, promoters will need to be 
tested across a variety of strains to determine effectiveness. Three initial strains have been selected for 
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implementation and work—Scenedesmus, Nannochloropsis, and Microactinium species. The team will 
try to establish native promoters for the selected strains. The approach is rational and could establish a 
quick pipeline of promoters for molecular engineering on target algae strains. The impact of these 
approaches to the BETO program is based on investigating and developing tools to enhance productivity 
of algae. The overall development of genetically engineered organisms is constrained by GMO-based 
regulations for field deployment. Therefore, developing non-GMO-based technologies, either by trait 
sorting and/or CRISPR/CRISPR-associated (Cas) regulation could possibly avert some GMO regulations 
when placing these strains into the field. This is a very high-impact project if successful in selecting 
implementable promoters for CRISPR/Cas9 engineering into production strains. The approach will then 
be made publicly available through an “Express Train” tool that can be implemented on new target 
strains. The team has developed promoter libraries for Nannochloropsis and Scenedesmus. However, 
there are variable expression levels of these libraries, likely due to random integration effects causing 
variability in integration events. To remedy this, the team is developing CRISPR/Cas9 safe harbor 
cloning methods to consistently insert the test expression constructs into the same genomic location to 
improve replication and accurate promoter strength measurement. Without the latter mitigation, the 
project will be at risk in identifying promoters that are proven to be effective in the selected strains. The 
team and management plan described are appropriate for this project. Two risks were identified with no 
discussion on mitigation—contradiction of predicted promoter constructs and validation of gene 
expression. A third and most critical risk was identified after cloning processes were not successful due 
to random and variable integration events. Overcoming this through CRISPR/Cas technology will be 
critical to the success and usefulness of the technology. The presentation would have benefited from 
direct discussion of tasks, milestones, and metrics achieved to date and left to perform through the life of 
the project. 

• This project is augmenting the variety of promoter sequences available to researchers by developing a 
publicly available promoter library, starting with three commercially relevant algal strains. This work 
supports future advancements in genetic engineering of algae, including enabling fine-tuning of target 
product and coproduct pathways. The project progress experienced setbacks as the promotor libraries 
developed for two algal cell lines had high variability in results and are not effective. The project is due 
to complete later this year with a pace of one strain per year. The team was able to pivot to an alternate 
methodology and is working to address this challenge. 

PI RESPONSE TO REVIEWER COMMENTS 
• Our team would like to thank the reviewers for the engaged feedback regarding the IGET project. As 

recognized by the reviewers, there has been an active pivot over the course this project regarding the 
challenges we presented on random transgene integration effects of promoter testing cassettes, and we 
appreciate the ideas and suggestions regarding the CRISPR-driven safe harbor site approach moving 
forward. We are also optimistic that this updated approach will yield critical results that we will have 
published by project end this year. The team also appreciates the validation of this project providing 
useful output for the greater algae engineering community regarding rapid and accessible methods for 
developing novel promoter libraries, including the potential future development of Express Train 
software package if our current approach proves fruitful for promoter library development. The 
suggestion of bringing this approach to first validate in a model alga, such as Chlamydomonas, is very 
valuable if issues with promoter cloning continue. Another piece of valuable feedback was the 
suggestion that utilization of native promoter elements may also support regulatory issues of GMO 
generation. Overall, the reviewer comments are extremely insightful and will help us continue moving 
this project forward in a productive direction. 
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FUNCTIONAL CHARACTERIZATION OF CELLULAR METABOLISM 
Los Alamos National Laboratory 

PROJECT DESCRIPTION 
This project integrates flow cytometry physiological 
characterization assays, epigenomic profiling, and 
molecular genetic engineering to advance line 
development in algae. The focus is on understanding 
nitrogen stress responses and regulation of lipid 
biosynthesis. Six flow cytometry assays were 
optimized for three algae species: Nannochloropsis 
salina 1776, Picochlorom soloecismus, and Tetraselmis striata LANL1001. These assays characterized 
individual cellular responses within populations for reactive oxygen species, metabolic activity, DNA content, 
intercellular pH, actin structural changes, and neutral lipid content. We applied these assays to facilitate 
discoveries for the other two project components. Molecular engineering was optimized with significant 
increased efficiency after identification of key cell cycle timing of DNA replication after staining by flow. We 
generated overexpression lines for multiple genes involved in nitrogen uptake, assimilation, and regulation. 
These lines resulted in greater nitrogen assimilation rates or greater lipid accumulation. In addition, Cas9 lines 
were generated for targeted gene knockouts. Stability and efficiency of Cas-directed engineering was 
challenging. Epigenetic investigations identified unique regulatory mechanisms between the three algae 
species. Nannochloropsis does not utilize DNA methylation in its genome. Picochlorum has a low frequency 
of DNA methylation but is responsive to nitrogen stress. Tetraselmis has a high frequency of methylated 
genome and hypermethylates its genes in response to nitrogen stress. Epieffector molecules for both 
methylation inhibition and histone deacetylation inhibition significantly alter algae phenotypes. The DNA 
methylation inhibitor 5-AZA significantly alters lipid productivity in both Picochlorum and Tetraselmis, 
suggesting a regulatory model of these genes. Integrating these components for strain improvement has 
identified novel pathways to further advance algae productivity.  

 

  

WBS: 1.3.1.100 

Presenter(s): Scott Twary 

Project Start Date: 10/01/2016 

Planned Project End Date: 12/31/2020 

Total DOE Funding: $1,950,000 
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Photo courtesy of Los Alamos National Laboratory  

COMMENTS 
• Overall, this project seems to have gone well, and several useful molecular tools and insights were 

achieved. Project team met weekly, and the project seems to have been managed effectively. A summary 
of risks and how they were addressed during the project would have been helpful. The integrated 
approach of combining epigenetic characterization, molecular genetic engineering, and flow cytometry 
physiological characterization is solid and has the potential to advance the state of the art. The impact of 
the work seems good. The project team published six papers and has two in preparation. Molecular 
engineering tools and strategies developed here will likely assist other AOP projects. Most project goals 
seem to have been accomplished. Project team is still working on RNA-seq, whole genome bisulfite 
sequencing, and achieving more stable lines for Nannochloropsis and Tetraselmis. 

• The overall project approach is clear and logical, with an appropriate management plan. The project 
leverages phenotyping via multiple flow cytometric assays to inform rational genetic engineering 
approaches. The project team has made significant progress toward project milestones. To date, the team 
has expanded the molecular toolkit available for multiple algal species, including improving 
transformation efficiency and creating stable overexpression lines for Nannochloropsis to investigate 
nitrogen metabolism. Quantification of epigenome modification and the effect on metabolism and 
productivity are novel and potentially impactful. The group has experienced difficulties with 
CRISPR/Cas9 genome engineering, however, and should consider focusing instead on the successful cell 
lines and epigenetic studies for the remainder of the project period. Developing an assay to determine the 
epigenetic regulation status of diverse algal species is a logical extension of this project and should be 
supported. It would benefit the project for the PI to more clearly demonstrate the significance of the 
project’s impact on the industry and the potential commercial applications of the technologies being 
developed. 

• The project is staffed and managed by a very qualified and accomplished team. It is difficult to gauge the 
degree that the work is coordinated with other adjacent BETO programs and goals, with an appreciation 
that a toolkit is an inherently overbroad definition. The strains used represent the best current candidate 
strains for commercial use. It remains difficult to gauge the impact of the completed work given the 
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inability or restrictions otherwise to take next steps in an outdoor environment to evaluate any benefits 
that may be possible from this basic work. The goal of trait stacking was only achieved for one of the 
three strains. The work’s efforts are being well disseminated via publications. 

• The team described an approach to non-GMO strain improvements for Picochlorum soloecismus, 
Nannochloropsis salina 1776, and Tetraselmis striata LANL1001. The approach includes population 
sorting based on a set of assay traits. In parallel, the team is investigating epigenetics of these organisms. 
Finally, they are developing a CRISPR/Cas genome engineering toolbox for the organisms, and 
overexpression of nitrogen (N) assimilation and utilization pathways toward greater lipid productivity. 
The use of three strains for the development provides a wide array of target organisms of interest to the 
BETO program. The epigenetics work is unique in the program and can result in basic knowledge for 
regulation and enhancement of productivity in these organisms. Implementation of epi-effectors would 
not be directly possible in a nonlaboratory environment, but the knowledge gained can result in new 
approaches to regulation that can be engineered into the organisms in future programs. The CRISPR/Cas 
toolbox can serve to establish components that can be used to regulate the organisms’ productivity and 
enhance specific traits. Tackling nitrogen regulatory pathways provides an excellent model to exercise 
the tools developed under the project. The impact of these approaches to the BETO program is based on 
investigating and developing tools to enhance productivity of algae. The overall development of 
genetically engineered organisms is constrained by GMO-based regulations for field deployment. 
Therefore, developing non-GMO-based technologies, either by trait sorting and/or CRISPR/Cas 
regulation, could possibly avert some GMO regulations when placing these strains into the field. The 
team has made excellent progress and completed milestones in each of the targeted approaches listed 
above. In addition, there have been six publications and two more are in preparation. Their work in 
epigenetics to understand regulation is unique and can result in new pathways for future molecular 
engineering projects. The team and management plan described are appropriate for this project. The 
presentation would have benefited from direct discussion of tasks, milestones, and metrics achieved to 
date and left to perform through the life of the project, along with risks associated with achieving project 
goals. 

• This project is nearing completion on an integrated approach to applying, developing, and expanding 
genetic engineering tools to advance algal strain improvements, with a particular focus on nitrogen stress 
response. 

• This team seems well managed and poised for collaboration with national lab teams and other potential 
partners. The team’s constrained staff size lends well to clear and constant communication. This project 
does not seem to have a true mitigation strategy, but instead uses a somewhat shotgun-style approach to 
work on many parallel approaches in hopes that one or more will yield meaningful results. Each of the 
approaches used for strain development seems well-thought-out and capable of yielding success in the 
context of meeting project milestones. The overall significance of the project seems limited though, as 
the epigenetic work does not translate to any imagined use in field application at this time, and the 
molecular engineering does not appear to be yielding promised improvements. The transporter regulation 
proteins and lipid accumulation both seem like good targets for rational engineering of improved strains. 
The flow cytometry assay development seems to be a sound method for translating strain improvement 
to field application by avoiding regulatory scrutiny. This technique is not novel, though, and the impact 
of this project seems limited to fundamental scientific inquiry for a small set of strains with limited 
translation to general bioengineering pipeline development. The choice of Nannochloropsis and 
Tetraselmis as model organisms makes sense from an ease-of-research perspective. Both are well 
characterized with well-annotated genome sequences and large volumes of research data available. This 
choice may make less sense from an industry impact perspective as these strains have not been described 
as among the most productive or promising for energy or product cultivation by other close 
collaborators. The discovery that Nannochloropsis utilizes histone winding proteins and not DNA 
methylation for epigenetic regulation appears to be a surprise and an unmitigated risk for the project that 
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hindered intended progress. This insight is potentially significant if a control mechanism can be 
employed. This research does not seem to suggest how to utilize new epigenetic understanding but does 
provide important fundamental insights and molecular tools to the public that may be integrated into 
application at some point. These findings are translatable to rational strain engineering and will shorten 
research and development timelines for groups working on this strain in the future. 

PI RESPONSE TO REVIEWER COMMENTS 
• We appreciate the insightful comments and critiques from the reviewers for our BETO project. The 

focus of this work was to establish foundational tools for broader future applications. Focusing on 
multiple integrated approaches has allowed for developing a greater understanding of algae physiological 
responses. These methods have currently been applied across multiple BETO projects through data and 
protocol sharing, potentially advancing the success of other projects and identifying paths forward for 
industry impact. One of the major challenges in algal bioengineering is developing an efficient targeted 
genome editing system. We recognized this limitation and scoped our work to only explore engineering 
conserved metabolic targets across species to characterize interspecies differences in responses to the 
perturbation of these targets. Our results provide a unique perspective to molecular engineering of future 
production species. The epigenetics research we performed in this project provides baseline information 
for using epigenic manipulation as a non-GMO strategy for outdoor or production cultivation. Our 
research is the first to characterize epigenomic information (gene-by-environment interactions across the 
genome) in several production species. First, we have one particularly strong publication showing a non-
GMO epigenetic manipulation strategy (EpiEffector) for enhancing lipid production in Picochlorum. 
EpiEffectors are drugs that are used to treat cancer, neurological disorders, and other diseases. We are 
using these drugs as tools to understand epigenetic regulation in algae. These drugs alter the epigenome 
of the algae, and in Picochlorum, increase lipid production by 66%. Although these drugs are expensive, 
there are several analogs that could be used in open or closed cultivation systems. We would like to 
pursue future work based on this initial EpiEffector research to develop capabilities for epigenetic 
manipulation in a production setting or in field applications. Second, we have completed RNA-seq and 
whole genome bisulfite sequencing for Tetraselmis and are currently finalizing that manuscript. The 
preliminary data analysis demonstrates a high degree of epigenetic regulation of gene expression in 
Tetraselmis. Similar to Picochlorum, we have data demonstrating that this species is amenable to 
epigenetic manipulation for enhanced lipid production. Third, it was very intriguing to discover 
Nannochloropsis does not have DNA methylation. This extremely interesting and novel “negative” 
result for the project has further advanced our understanding of the genomic structure of 
Nannochloropsis, which will support more targeted approaches for genetic engineering. We currently 
have another publication in progress on this “missing link” of DNA methylation in Nannochloropsis. 
These key discoveries have been recognized by other algal researchers, impacting the importance of 
considering gene-by-environment interactions. Importantly, this finding demonstrates that not all algae 
utilize the same epigenetic mechanisms. As the reviewers noted, it would be prudent to support further 
development of an assay to determine epigenetic regulation in diverse algae species, as this is a logical 
extension of the project. The reviewers also noted that the epigenic assessment and its impact on 
metabolism and productivity are unique, novel, potentially impactful, and can result in new pathways for 
future engineering approaches. We appreciate that the reviewers see the uniqueness and great potential 
for understanding epigenetics in algae. 
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REAL HYPE: RESPIRATION ENGINEERING OF ALGAL LOSSES FOR 
HIGH YIELDS AND PRODUCTIVITY ENHANCEMENT 
Sandia National Laboratories 

PROJECT DESCRIPTION 
At night, most algae metabolize carbon that was fixed 
during the day as carbohydrates and lipids to provide 
energy, reducing equivalents, and carbon building 
blocks for cell division. Through this process, carbon 
dioxide is released, leading to the loss of up to 60% 
of total algal biomass that was accumulated during 
the day. As this “dark loss” occurs each night, the 
cumulative effect of this carbon loss has a significant impact on biomass productivity. Through the Respiration 
Engineering of Algal Losses for High Yields and Productivity Enhancement (REAL HYPE) project, we seek 
to reduce dark loss to improve biomass yields by at least 20% in Microchloropsis gaditana CCMP 526. Using 
CRISPR-Cas9 genome editing tools, we have knocked out five genes associated with dark respiration in M. 
gaditana. Knockout of one gene target resulted in a 14.5% improvement in ash-free dry weight (AFDW) 
accumulated during 21 days of growth under simulated outdoor light and temperature conditions. Additionally, 
knockout of a lipase gene resulted in 1.7-fold greater lipid productivity in M. gaditana under nitrogen-replete 
conditions. In order to rapidly test multiple combinations of gene targets, we are developing CRISPR 
interference tools for multiplexed gene knockdown in M. gaditana. Through multiplexed CRISPRi, we aim to 
demonstrate a 20% improvement in AFDW for engineered M. gaditana strains under simulated outdoor light 
and temperature conditions. 

 

WBS: 1.3.1.105 

Presenter(s): Anne Ruffing 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $200,000 
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Photo courtesy of Sandia National Laboratories 

COMMENTS 
• During this seed project, the team successfully employed previously developed CRISPR/Cas9 tools for 

Microchloropsis to produce two gene knockout mutants with improved biomass productivity (AOX1) 
and lipid productivity (LIP1) at lab scale. It will be important to establish if these mutants’ strain 
phenotypes are stable, and if results can be replicated in outdoor 100-L raceways to meet the project end 
goal of a 20% increase in biomass productivity. In addition to monitoring growth and lipid productivity, 
the PI should also consider measuring dark respiration directly for mutant strains compared to the 
parental strain to validate the mechanism for the improved phenotype and link results back to the project 
rationale. The team is experiencing issues with CRISPRi and are continuing to troubleshoot. Even if 
CRISPRi can be demonstrated by targeting nitrate reductase as a proof of concept, it should be noted that 
only two of the five target single-gene knockouts yielded improved phenotypes, suggesting that it is 
unlikely that multiple gene knockdown combinations for these would yield significant improvements 
over the single-gene-knockout mutants. 

• Overall, the project seems to be going well and the project team is making progress in achieving its 
project objectives. Project management seems good. The project team meets biweekly and risks are 
being addressed. It appears that the hiring of a postdoctoral associate was delayed due to COVID-19, 
which could have impacted progress and outcomes. The approach has the potential to advance the state 
of the art. Both the gene knockdowns and CRISPR interference approaches would be useful for 
improving industrial strains. Project impacts are clear and significant. A 20% improvement in biomass 
productivity would be a significant improvement toward the 2030 target productivity of 25 g/m2/day. 
The genes targeted in this project would likely have homologs in industrial strains, and thus the insights 
gleaned from this work would likely help industrial efforts. The project team achieved the FY 2020 Q4 
annual milestone of 10% improvement in biomass productivity by demonstrating improvements of 
14.5% of AOX1 mutant under light and temperature conditions. Work on the CRISPR interference 
approach seems to be slower and the results are inconclusive. 

• Risks seem well identified with practical and specific mitigation strategies. The choice of multiple gene 
targets is in itself a sound risk mitigation strategy that does not require a programmatic shift to 
accommodate. The team’s constrained staff size lends well to clear and constant communication. The 
potential impact of knocking out genes associated with dark losses seems potentially impactful, and the 
stated final goal of 20% biomass improvement does not seem overly ambitious given the seemingly 
novel nature of the approach. Making these strains available for other researchers increases the impact of 



2021 PROJECT PEER REVIEW 

 

32 ADVANCED ALGAL SYSTEMS 

this work tremendously. This plan defies conventional intellectual property protection-based paradigms 
and is an excellent model for collaboration in this sector. Making molecular toolkits developed publicly 
available is equally impactful and well aligned with other BETO consortium efforts. Capacity to 
decouple lipid accumulation from nitrogen starvation could result in step-change advances in what has 
been a critical barrier for algae compositional optimization. Strain characterization methods seem well 
aligned with other BETO consortium measures of productivity and lend to reproducibility of work. Work 
seems focused on a small set of rational and achievable targets. The project plan seems free of clutter 
and distraction from key objectives. Translating this work to greenhouse and outdoor testing is critical to 
validate lab results, but work done in the lab seems to have met objectives. More detail about what sort 
of troubleshooting is being done to verify inconclusive CRISPRi results or determine the root cause of 
the problem is needed to understand the ultimate success of this project. 

• The project addresses the issues associated with losses due to algae respiration during the dark periods, 
causing loss of carbon through CO2. For the species studied in this project, the carbon loss can account 
for >60% of the biomass loss. The approach is quite fundamental, in that it incorporates the engineering 
of gene knockouts for five gene targets that would block access to lipid and laminarin stores along with 
oxidation pathways from the respiration process. CRISPR/Cas engineering of gene 
knockouts/knockdowns would be implemented in each of these paths. Strains can then be competed in 
laboratory growth experiments for selection. The approach clearly delineates gene knockouts to be 
implemented using CRISPR/Cas9 technology on Microchloropsis gaditana targets (five). The goal is to 
improve productivity by 20% by end of project. The impact of these approaches to the BETO program is 
based on investigating and developing tools to enhance productivity of algae. The overall development 
of genetically engineered organisms is constrained by GMO-based regulations for field deployment. 
Therefore, developing non-GMO-based technologies, either by trait sorting and/or CRISPR/Cas 
regulation, could possibly avert some GMO regulations when placing these strains into the field. 
Furthermore, a 20% improvement in productivity would provide a path toward the BETO 2030 target of 
25 g/m2/day in biomass productivity. The team hopes to publish their results and has already made 
several presentations. Improved strains and plasmids will be made available upon request. The team has 
made excellent progress in developing strains that have significant biomass and lipid productivities over 
wild-type—all five gene targets have been successful in knockouts—successfully completing the go/no-
go (AOX1 knockout demonstrate 15%–25% AFDW improvement). LIP1 knockout improves lipid 
content 3.5-fold with reduced growth, but productivity is still 1.7-fold higher. There are some issues with 
CRISPRi systems identified for which mitigation plans are being put in place and needs further 
explanation and assessment. Scale-up into 100-L mini-raceways is planned for successful strains. In 
future work, the team will be developing omics platforms to understand mechanisms of action in the 
engineered strains. The team and management plan described are appropriate for this project. The risks 
and mitigation strategies are clearly delineated—two of the risks not realized after experimentation; 
CRISPRi risk is the main remaining risk. Some hiring issues were identified due to the COVID-19 
situation, the impacts of which were minimal and being managed with time from existing personnel. The 
presentation would have benefited from direct discussion of tasks, milestones, and metrics achieved to 
date and left to perform through the life of the project. 

• The project team has done an admirable job of maintaining progress and schedules despite the challenges 
posed by COVID-19 delays. They have done a nice job identifying risks and developing and 
implementing effective mitigations and recoveries. The increases in AFDW and lipid productivity 
without nitrogen deprivation are nice milestone achievements as the work proceeds into next steps. It is 
noteworthy that their efforts attempt to use and calibrate against outdoor data from the Algae Test Bed 
Public-Private Partnership (ATP3), and most critically expect to be able to attempt scale-up in outdoor 
and open-pond conditions. This is an absolutely necessary step in evaluating the opportunities that may 
be possible by synthetic biology methods and techniques. This is noteworthy and very much in support 
of BETO’s programs and goals. 
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• This seed project used CRISPR gene modification to reduce carbon losses at night with two of the genes, 
resulting in significant improvements in productivity and lipid content, respectively. The project and 
team are relatively small such that project management and coordination are more streamlined. The 
CRISPRi tool development work was identified as more broadly useful over a wider range of future 
work and differing algal species. The team has shown good progress despite staffing challenges 
primarily related to COVID-19. Outdoor testing is planned as an important next step, and it will be 
interesting to see if the modified organism is robust and resilient in replicating the same results and 
sustained health in outdoor conditions.  

PI RESPONSE TO REVIEWER COMMENTS 
• We agree that outdoor testing of the engineered strains developed in this project is critical for 

determining industrial relevance. However, greenhouse or outdoor testing of the strains developed in this 
project is beyond the scope of the current seed project due to budget and schedule limitations. We are 
currently looking for funding opportunities to support outdoor testing in our 100-L greenhouse raceway 
ponds. To demonstrate CRISPRi in Microchloropsis gaditana, we first attempted to introduce a dead 
Cas12a (dCas12a) protein with associated guide RNA (gRNA) targeting a yellow fluorescent protein that 
was previously introduced into M. gaditana CCMP 526 using random integration. While preliminary 
testing of the dCas12a CRISPRi transformants showed reduced yellow fluorescence, we determined that 
this reduction in fluorescence was due to knockout of the yellow fluorescent protein construct with 
transformation of the CRISPRi construct. Therefore, we shifted our CRISPRi demonstration target to 
knockdown of nitrate reductase, a native gene target with a single copy in the genome. Additionally, we 
have designed a CRISPRi system based on dead Cas9 (dCas9) as a parallel risk mitigation strategy. 
CRISPRi with dCas9 has been demonstrated in many other organisms and may therefore be functional in 
M. gaditana if the dCas12a system fails. We agree that phenotype stability of the modified strains should 
be confirmed to demonstrate the potential for long-term, large-scale cultivation. To this end, we have 
tested the knockout strains for stable maintenance of the gene knockout after more than 6 weeks of 
laboratory growth without selection. So far, four out of the five knockout strains have been tested using 
PCR to screen 50 colonies, and 96%–100% of the colonies tested retained the gene knockout, 
demonstrating high stability. This provides preliminary evidence that these genotypes and associated 
phenotypes should be stable over time without selection. We recognize that GMO regulations are a 
potential limitation for transitioning the strains developed in this project to industrial-scale production. 
One promising technology for introducing targeted gene knockouts or knockdowns without producing a 
strain containing recombinant DNA (and therefore avoiding GMO status) is CRISPR-Cas9 
ribonucleoprotein (RNP) for genome editing. While our preliminary testing of CRISPR-Cas9 RNP for 
editing of M. gaditana was unsuccessful, we will continue to pursue research opportunities to establish 
this technology, as it will have a significant industrial impact. 
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GENETIC BLUEPRINT OF MICROALGAE CARBON PRODUCTIVITY 
Lawrence Berkeley National Laboratory and Los Alamos National Laboratory 

PROJECT DESCRIPTION 
The potential of microalgae to emerge as major 
biofuel producers is limited by the fact that extensive 
ecological, genetic, and biochemical information are 
lacking for most candidate production strains. A 
better understanding of algal biology—particularly 
mechanisms that regulate (1) carbon metabolism and 
storage and (2) response(s) to various environmental 
perturbations (temperature, light, salinity stress, and pest pressure)—is critical to overcome these limitations. 
Thus, the 3-year project goal is to conduct a comprehensive systems-level analysis of promising strains grown 
under industrially relevant cultivation conditions and perturbation challenges to identify genetic targets and 
biochemical pathways that when modified, enhance stability and productivity of algal cultivation systems. By 
combining our expertise in algal genomics, transcriptomics, metabolomics, and proteomics, we propose to 
apply this suite of tools to novel algae with the highest potential to facilitate significant progress in strain 
improvement. In this continuation project, we apply the “Blueprint” functional genomics pipeline with 
additional multi-omics capabilities for three highly producing algal strains characterized by the DISCOVR 
pipeline.  

 

COMMENTS 
• Project seems to have been slightly delayed due to COVID-19 but seems to be making good progress. 

Project communication seems good and involves biweekly calls. Risk mitigation strategies that were 
specific to the project need to be identified, and it would be helpful to update their status. Functional 
genomics pipeline approach leverages national lab capabilities and thus seems good. Project 
methodology has been published and work seems to be being shared with industrial stakeholders. 
Progress seems to have been made on improving S. obliquus UTEX 393, understanding the metabolic 
flux analysis of UTEX 393, identifying the genes responsible for high salt tolerance for UTEX 393, and 
sequencing Picochlorum celeri. 

WBS: 1.3.1.110 & 1.3.1.111 

Presenter(s): Igor Grigoriev 

Project Start Date: 10/01/2016 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $1,500,000 
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• The project has assembled a highly qualified team that has done a nice job of managing through COVID-
19 while being able to maintain progress. There is very good alignment between the abstract, progress, 
and outcomes to date when measured against the project goal and end-of-project milestone. The 
approach is especially focused on addressing and targeting specific deliverables for BETO’s desired 
toolkit. The strains selected reflect the best thinking of the most viable strains that are being advanced by 
DISCOVR and industrial firms. The targeted genes can also be validated in partner labs. Both of these 
leverage the larger BETO portfolio efforts to best advantage in support of BETO goals. It was difficult to 
determine the starting baselines for the work. 

• The team’s goal is to develop a functional genomics pipeline. They will use multi-omics measurements 
of multi-state perturbations experiments to identify gene targets for strain improvement and 
commercialization. In order for this pipeline to be effective, the team will produce high-quality reference 
genomes of targeted strains of interest to the BETO program. The omics platform is holistic in that it 
incorporates sequencing and annotation, transcriptomics, and proteomics and metabolomics. The 
pipeline incorporates collaborations with other AOP projects for validation of targeted genes and 
engineering of mutants. The team is first focusing on Scenedesmus sp. through the pipeline. The impact 
of these approaches to the BETO program is based on investigating and developing tools to enhance 
productivity of algae. The overall development of genetically engineered organisms is constrained by the 
availability of genome sequences and other omic information. Therefore, exercising these base 
technologies on key strains of interest to the BETO program will be key in the ability to engineer strains 
that will help reach key goals for the program. The hope is that these omics-characterized strains and 
resultant mutants will effectively contribute to a 30% improvement in productivity over the baselines, 
which would provide a path toward the BETO 2030 target of 25 g/m2/day in biomass productivity. The 
team is already publishing their results and has already made several presentations. The project may have 
very high impact if selected strains and omics information can be transferred to the industrial 
community. The team has improved the genome sequence for Scenedesmus obliquus, along with 
curation of transcription factors. The incorporation of transcriptomics and metabolic flux analysis 
allowed them to reconstruct the metabolic maps for different cell compartments and compare these with 
other organisms. They are next focusing their efforts on Picochlorum celeri, which is currently in 
progress. They have selected four other candidates for their pipeline from the DISCOVR project, two 
winter strains and two summer strains, which will be studied in the third year of the project. The progress 
is excellent and continues to contribute across platforms. The project can establish clearer goals as to 
how far genomes need to be finished and how extensive and/or diverse omics analysis needs to be 
performed for organisms in order to have a good balance between completeness of data for one organism 
vs. coverage of a variety of organisms. The team and management plan described are appropriate for this 
project. The presentation would have benefited from direct discussion of tasks, milestones, and metrics 
achieved to date and left to perform through the life of the project, along with risks associated with 
achieving project goals. 

• This broad collaboration between multiple labs is focused on producing high-quality reference genomes 
for target algal strains, generating multi-omics data for system-level analysis and modeling, and 
identifying gene targets for genetic modification to improve biomass production rates. Four primary 
targets were selected for the third-year work based on performance in the DISCOVR program and 
industrial relevance. The project was impacted by the COVID-19 pandemic, which has forced some 
parallel work paths rather than attacking the strains sequentially. 

• This is a well-managed project that leverages extensive functional genomics capabilities at Lawrence 
Berkeley National Laboratory and Los Alamos National Laboratory. The Blueprint pipeline has been 
developed for multi-omics characterization of algal strains, with the aim to support rational strain 
improvement. The project has made significant progress and has most recently incorporated strains 
identified by the DISCOVR consortium into the pipeline deliverables. The project has produced 
annotated genomes of highly productive, salt-tolerant strains (S. obliquus and P. celeri) to inform 
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metabolic modeling and regulatory network analysis. The project team has done a good job at showing 
how extremely large data sets can be distilled and applied to enable future strain improvements.  

PI RESPONSE TO REVIEWER COMMENTS 
• We thank reviewers for the comments. The strains and baseline data for this project were generated by 

the DISCOVR project. In year 3, we will choose one additional high-performing DISCOVR strain, while 
the remaining candidates will be targeted in the next phase (III) of the project. The current phase (II, FY 
2020–FY 2022) expands both the number of algal strains (third strain added) and additional omics 
capabilities (proteomics from Los Alamos National Laboratory and DAP-Seq from Lawrence Berkeley 
National Laboratory) in comparison to phase I (FY 2017–FY 2019). Each systems-level profile will be 
assessed in out-years to find a balance of throughput vs. depth of multi-omics exploration. While the 
presentation was focused on achievements and completed tasks, the remaining tasks and milestones for 
each of the strains have been summarized in supplemental material. Despite complications/delays caused 
by COVID-19-related lab closures, parallel sample processing and analysis have helped mitigate risk. 
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MULTI-SCALE CHARACTERIZATION OF IMPROVED ALGAE STRAINS 
Los Alamos National Laboratory 

PROJECT DESCRIPTION 
Several challenges must be overcome in order to 
realize the full potential of algae-based 
biomanufacturing. First, TEAs continue to point to 
algae productivity as a major contributor to biomass 
costs. Second, continued understanding of the 
relationship between indoor and outdoor phenotypes 
of algae strains is needed. Our working hypothesis is 
that algae strains with improved outdoor productivities can be generated indoors, by using a suite of algae 
strain improvement strategies and by giving close attention to harmonizing indoor experiments with outdoor 
conditions. Thus, our goal is to develop this suite of improvement approaches using cell sorting, adaptation, 
and genetic modification techniques, with a focus on tools for generating algae strains with increased biomass 
and carbon storage, as well as environmental robustness (e.g., salinity tolerance). We partner with BETO’s 
outdoor test bed at AzCATI and employ an iterative approach to bring learnings from outdoor experiments 
back inside for the next round of improvement. Here, we share our progress on developing these tools and 
testing these strains across a range of scales, from indoor flasks to outdoor ponds. 

 

WBS: 1.3.1.120 

Presenter(s): Taraka Dale 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $1,800,000 
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Photo courtesy of Los Alamos National Laboratory 

COMMENTS 
• An iterative approach has been established toward strain selection methods that will be tested indoors 

and outdoors through cycles. The goal is to identify best strains and conditions for improvements. The 
approach incorporates strain characterization procedures, improvements using non-GMO and molecular 
engineering tools, and testing in indoor and outdoor test beds. The goal is to deliver two microalgae 
strains with 30% increase over baseline performance within the 3-year project. The approach is 
described very well along with timelines, milestones, and go/no-go decision points. The impact of these 
approaches to the BETO program is based on investigating and developing tools to enhance productivity 
of algae. The overall development of genetically engineered organisms is constrained by GMO-based 
regulations for field deployment. Therefore, developing non-GMO-based technologies, either by trait 
sorting and/or CRISPR/Cas regulation could possibly avert some GMO regulations when placing these 
strains into the field. Furthermore, a 30% improvement in productivity over the baselines would provide 
a path toward the BETO 2030 target of 25 g/m2/day in biomass productivity. The team is already 
publishing their results and has already made several presentations. The project may have very high 
impact if selected strains can be transferred to the industrial community. Excellent progress with P. solo 
showing great productivity improvements and no crashes in outdoor testing. Improvements were 
established through the use of ammonia (rather than nitrate) and pH adjustment. A genetically modified 
strain showing 50% increase in carbohydrates is planned to be grown in outdoor hanging bags at 
AzCATI. The project’s FY 2021 Q1 go/no-go for P. solo failed for number of strains but was successful 
in identifying a mutant with 40% and 50% increase in carbohydrates and lipids, respectively. The C. 
sorokiniana milestones have been met, providing strains with high salt tolerance and high fatty acid 
methyl ester (FAME) content. The team and management plan described are appropriate for this project. 
The risks and mitigation strategies are clearly delineated for this project. Progress was described through 
tasks, milestones, and go/no-go decision points, providing an adequate assessment of progress for the 
project. 

• Overall, the project appears to be on track and is going well. Project management plan is excellent, and 
risks and mitigation strategies are addressed. There seems to be significant collaboration involving other 
ongoing DOE-funded projects. Iterative approach using indoor-outdoor-indoor algae growth along with 
supporting characterization/selection methods is good. Project aligns well with BETO strategic goals and 
seems likely to deliver useful insights for improving algae productivity. Increases in P. soloecismus 
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outdoor productivity were achieved as well as a 50% increase in C. sorokiniana growth and 35% in 
FAMEs outdoors via salinity adaptation. 

• The project has a highly qualified team and coordinates/collaborates very well with other BETO projects 
and programs. The project has identified and been properly managed for a variety of risks and properly 
reflects prior experience and learning. The in/out/in/out/in strategy is the essential workflow to advance 
the biology and operational learning needed to support BETO’s productivity and ultimately end-state 
success goals. This approach should be reflected in every single funded effort targeting strain 
improvement. Additionally, these types of efforts will help establish the important diagnostic 
relationships that still need further development/refinement for measurements between laboratory and 
outdoor field applications. The results of this work are being widely distributed via presentations and 
publications. The efforts could be further enhanced if instead of testing possible genetically modified 
improvements in outdoor bags at AzCATI, they could be experimented using the open indoor AzCATI 
ponds that have approval for genetically modified use. 

• This project is well connected with collaborators and partners in such a way that all learnings generated 
will be rapidly integrated. This project is described as so intertwined with other AOP projects that it is 
difficult to distinguish unique goals and deliverables in this project from others in the portfolio. Risk 
mitigation strategies described seem to mostly overlook known challenges or plan to ameliorate 
limitations of indoor cultivation through use of more frequent bench-scale simulation. The choice to 
adapt freshwater strains to high salinity instead of using natural saline strains as a platform for 
development does not seem clear. This project seems fragmented and may have achieved more impact if 
it had been focused on a single significant deliverable. Moving strains indoors and out iteratively appears 
to be a reasonable way to increase odds of translating new strain development into robust outdoor 
cultivation. Longer outdoor cultivation cycles will be needed to verify improved sustained performance. 
Challenges associated with weather and extreme conditions should be evaluated. These periods of time 
are critical for all modeled plans, and productivity is assumed to be seasonal but not interrupted. 
Selecting a low-productivity baseline in artificial media makes the end-of-project target less impactful 
than many projects of this type. Adapting laboratory experiments to better reflect outdoor cultivation 
conditions does not seem novel, and if unique work has been done to address that challenge in this 
research, it does not seem clear. All milestones are reported on track or successfully completed. While 
this is true and progress has occurred, benchmark and target growth rates are both so much lower than 
the current state of technology (SOT) that this incremental progress appears to make limited impact on 
the development of the industry as a whole. Outdoor cultivation timelines do not appear to be long 
enough to validate long-term genetic stability or environmental viability of the strains developed in this 
project, and the tangible or lasting impact from this work is not clear. 

• This project successfully applies the iterative approach of indoor-outdoor-indoor cultivation to focus 
efforts on improved productivity targeted to relevant outdoor conditions for future scale-up, addressing 
the ongoing challenge of how to transfer indoor studies to outdoor performance. This project is on track 
against milestones, and this was clearly communicated in the project Gantt chart. Outdoor conditions 
were closely mimicked by the indoor environmental photobioreactor (ePBR) as shown in the June/July 
data set supporting indoor-outdoor transitional work. Increased productivity has been demonstrated, and 
improved nutrient management of nitrogen and phosphorus were identified as the critical factors in 
maintaining increased productivity, particularly in outdoor operations. 

• This project team demonstrates strong interactions with many other BETO-funded projects across strain 
characterization, strain improvement, and outdoor cultivation efforts. This exchange of information 
between project teams to share learnings and expertise is a significant strength of this project and 
demonstrates outstanding project management and leadership by the PI. The iterative approach for 
indoor-outdoor-indoor strain improvement, with multiple year/season cultivation campaigns included in 
the project schedule for each strain, is essential for demonstrating that strain improvements observed in 
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the lab will be stable and scalable. The effort to harmonize measurements and cultivation conditions with 
the algae SOT is laudable. Improvements made to cultivation conditions (N-source and pH) have led to a 
>2x increase in Picochlorum soloecismus outdoor productivity over baseline, reaching a max of 25 
g/m2/day in peak summer months and showing resistance to pond crashes. Other strain improvement 
techniques have also yielded promising results for growth and lipid storage potential, and the project is 
on schedule to downselect modified strains for outdoor summer cultivation campaigns. Overall, the 
project has made significant progress toward meeting milestones and is on track to meet the project end 
goal of 30% improvement in biomass productivity or carbon storage molecules compared to 
preestablished baselines. 

PI RESPONSE TO REVIEWER COMMENTS 
• Thanks to the reviewers for their many supportive and insightful comments. We agree that this project is 

tightly integrated with other efforts in the BETO portfolio and that it aligns well with BETO’s strategic 
goals. We perceive it to be an advantage to be closely intertwined with other AOP projects. Close 
communication across projects allows us to accelerate advances through shared information, strains, and 
approaches, thereby reducing redundancy and maximizing BETO investment. Many projects in the 
BETO portfolio may have a similar overarching goal of increasing productivity because that is a primary 
barrier to reducing algae biomass costs and a major goal of BETO’s Algae Program. In addition to this, 
we described specific metrics associated with our end-of-project deliverable. We are excited that the 
panel values our approach and the significant progress we’ve made. To our knowledge, we conduct some 
of the longest outdoor trials in the AOP portfolio next to DISCOVR, using outdoor-relevant media, in 
fully open systems exposed to the most challenging pest period of the year (summer). Baseline values 
were appropriately set at the start of this merit cycle, 3 years ago. Since then, this project has realized 
large (>2x) increases in productivity, commensurate and on par with advances in other projects (such as 
DISCOVR). With respect to outdoor cultivation of our genetically modified Picochlorum soloecismus 
strain, we agree that it would be ideal to test these in outdoor open ponds. Given more time and 
resources, we might have been able to gain the needed approvals to test this strain in an open system. 
However, cultivation in outdoor hanging bags will still provide useful information, allowing us to decide 
if we want to pursue further outdoor work with this strain. Thanks again for the thoughtful review of our 
project and the recognition of the need and impact for this type of work. We especially appreciate the 
comment that this “in/out/in/out/in strategy is the essential workflow to advance the biology and 
operational learning needed to support BETO’s productivity and ultimately end-state success goals.” 
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ALGAE BIOTECHNOLOGY PARTNERSHIP 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
Development of advanced genetic and genomic tools 
for targeted algal metabolic engineering pursuits will 
be integral to achieving target biomass productivity 
and, ultimately, the BETO goal of cost-competitive 
biofuels derived from algal biomass by 2022. 
However, at present, broad host-range tool 
development is currently hindered by inhibitory host 
regulatory mechanisms. Indeed, the biological processes controlling algal transcription and translation are 
subject to complex host regulation, which often presents hurdles for targeted genetic engineering strategies. 
Advanced genetic approaches offer a means to rewire these regulatory systems and/or introduce novel 
functionality into algal biocatalysts. Synthetic systems biology approaches also present a means to construct 
novel genetic regulatory networks and rewire natural biological systems to establish an “orthogonal central 
dogma,” wherein non-native control elements are introduced into or evolved in host microbes for bypass of 
host control. The Algae Biotechnology Partnership aims to develop advanced genetic editing tools, synthetic 
and orthogonal genetic regulatory systems, and functional genomic pipelines to enable universal metabolic 
engineering strategies in top-candidate deployment algal strains. Successful development will ultimately open 
the door for targeted strain-engineering strategies, aimed at maximizing algal outdoor biomass production, 
composition, and strain robustness. 

 

WBS: 1.3.1.130 

Presenter(s): Michael Guarnieri 

Project Start Date: 10/01/2015 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $860,000 
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Photo courtesy of National Renewable Energy Laboratory 

COMMENTS 
• A good technical and management team has been assembled and is working toward progressing on 

BETO’s goal of creating elements of a toolkit. There is a general approach to risk management without 
follow-up illustrations or examples. Similarly, there is mention of some synergy with adjacent programs 
and possible partners without meaningful details. The presentation generalizes early adopters, Toxic 
Substance Control Act (TSCA) Environmental Release Application (TERA) permitting, and genetic 
modification adoption but does not identify or address any specific issues that could help advance 
BETO’s goals relative to these crucial elements. The summary of accomplishments does not appear to 
align or measure against the project goal or end-of-project milestone. 

• Overall, this project seems to be on track and significant progress has been made developing tools for the 
top-candidate BETO strain. Project team meets weekly, and the project seems well coordinated. Risk 
mitigation strategy is well thought out and clearly addressed. Highlighting a couple of examples of the 
risk mitigation strategy would have been helpful. Approach involving P. renovo and one additional top-
candidate strain selected from the DISCOVR AOP in order to demonstrate multi-organism applicability 
seems good. Project team is actively working on strain dissemination and several agreements have been 
developed, so the project seems likely to have a positive impact on academia and industry. Project team 
has made good progress toward developing tools for the top-candidate deployment strain and plans to 
demonstrate tool efficacy in four top-candidate BETO deployment candidates in FY 2021. 

• The aim of this AOP is to develop modular genetic editing tools, synthetic and orthogonal genetic 
regulatory systems, and functional genomic pipelines to enable broad host-range metabolic engineering 
strategies in top-candidate deployment algal strains. The approach incorporates screening over 300 
strains for rapid growth, biomass productivity, and halotolerance. The team will develop modular 
orthogonal genetic parts for bypass of host regulation, along with synthetic promoter and ribosomal 
binding site libraries for tunable gene expression, and heterologous RNA polymerase for orthogonal 
transcription. They aim to establish a broad host range of auxotrophic selection marker(s) in order to 
bypass the necessity for antibiotic resistance markers. Finally, they will demonstrate broad host-range 
efficacy of these tools. The impact of these approaches to the BETO program is based on investigating 
and developing tools to enhance productivity of algae. By aiming the genetic engineering tools to a 
broad set of organisms, the team hopes to provide a high-impact platform that is easily adopted. If the 
approach is successful in one strain and can be transferred to other strains, GMO deployment will be de-
risked across implementation platforms. The team is already publishing their results and has already 
made several presentations. Tool dissemination is envisioned through the deposition of plasmids and 
enabling molecular engineering tools to the Addgene data repository. The project may have very high 
impact if tools are effectively used by the industrial community in outdoor platforms. The team has 
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focused their development work using Picochlorum renovo as a model strain due to its established high 
productivity. Promoter/RBS libraries have been developed. A unique selection marker requiring 
phosphite as the sole phosphorous input allows for easy selection of effectively engineered strains. The 
team has been able to show effective secretion of peptides and proteins using the engineering tools and 
rewiring of fatty acid synthesis toward high-value products. They will next demonstrate the tools in the 
four top strains identified through the DISCOVR project. The team has shown excellent publication and 
presentation record and a number of provisional patents. Random integration of the engineered 
components poses a challenge to successful implementation across diverse organisms. The work would 
be enhanced by showing that biomass and/or fatty acid productivity can be effectively altered using these 
molecular engineering approaches. Management and communication team and strategies were 
adequately described. Further, interactions with other projects were clearly delineated. Risk 
identification and mitigation processes were discussed. Some challenges were discussed throughout the 
presentation providing approaches to mitigation of risks. Go/no-go decision points and performance 
metrics were adequately described, and the performance was discussed through a review of critical 
success factors. 

• The purpose for incorporation of many partners for this project seems unclear, as all of these institutions 
have capable microbiologists on staff. The same level of cooperation and collaboration seems possible 
through the relationship with DISCOVR’s management system and team, which includes most of the 
same researchers already engaged in what appears to possibly be overlapping work. The goal of 
transferring tunable gene expression across a strain development pipeline is a good one that takes focus 
away from a single strain or cultivation paradigm. Creating broadly applicable tools like these seems like 
an excellent use of the national labs’ resources that enables a burgeoning industry without playing 
favorites in terms of strain or other preconceived constraints. The choice of using high-productivity 
strains instead of simply well-characterized strains increases project risk, but with good reason that 
increases the chances of this work enabling industry. The capacity to integrate a protein secretion 
mechanism to a broad range of target algal hosts would dramatically expand the uses of algae as a model 
organism for a variety of practical functions. A transferable phosphite auxotroph would provide a good 
alternative to common antibiotic selection markers used in lab-scale selection media that cannot be 
transferred to outdoor or large-scale operations. The public dissemination of these tools is critical, and it 
seems apparent that the team is not only dedicated to accurately and openly sharing data, but also 
engaging the public by answering questions and updating information instead of only providing 
documents and publications. With the period of performance coming to an end for this project, it remains 
highly uncertain that the team will successfully demonstrate translation of engineering orthogonal 
regulatory mechanisms in model strains to four new hosts. The work done so far is good but does not 
seem to make this last challenge any easier. Mitigation steps taken to reduce this highly risky final 
deliverable seem unclear. 

• The team has a solid management plan that shows a commitment to risk identification and mitigation and 
a plan for aggressive data dissemination. The project is developing broad-use, host-agnostic molecular 
tools, which would enable advances across the BETO algae technology platform. The project has 
successfully developed molecular tools for tunable gene expression and bypass of host regulation for 
highly productive Picochlorum and Scenedesmus strains. To date, the project has demonstrated that these 
tools can be transferred rapidly to other strains and has successfully implemented tools in three top-
performing strains, with plans to include an additional three strains that would cover both winter and 
summer strain candidates. Using these tools, the team demonstrated the ability to alter fatty acid profiles. 
Engineering of phosphite metabolism is a useful selection tool, bypassing the need for antibiotic 
selection and reducing false positives. However, it is not entirely clear if its commercial application as a 
potential crop protection strategy at scale would be feasible. The project would benefit from 
investigating this further and soliciting some feedback from industry on the potential use of phosphite in 
agriculture, to determine if this strategy would be viable from a TEA/LCA standpoint. Overall, the 
project is clearly on track to meet or exceed end-of-project performance goals. 
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• This large, multidisciplinary project team develops a range of genetic tools with a goal of applying 
broadly to multiple algal strains. They appear to be on track to meet their end-of-period performance 
target of demonstrating tool efficacy in four candidates. The management processes and strategy for 
coordinating across a large team were clearly detailed. A project goal includes efforts toward de-risking 
commercial GMO deployment by engaging with the U.S. Environmental Protection Agency to better 
assess and understand their biggest concerns such as the development and release of antibiotic-resistant 
microbes. It seems like even more concrete steps might be taken in this direction to bridge the gap 
toward de-risking GMO algae and timely approvals for safe deployment of genetically modified algal 
strains in open systems. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the Review Panel for their encouraging and constructive critique. We are optimistic that our 

progress to date to develop genetic and genomic toolkits in high-productivity, halotolerant algal strains 
represent a critical advance for the BETO algae portfolio and the algal research community at large. We 
agree with the reviewers’ assessments that the project may have very high impact if tools are effectively 
used by the industrial community. Indeed, we believe the integration of high-productivity strains with 
genetic and genomic toolbox development offers a strong path forward to target algal deployment 
hurdles identified via techno-economic analyses (namely, biomass and fuel intermediate productivity). 
Further, as noted by the review team, the public dissemination of metadata and genetic tools to the algal 
community is a critical component of this project, and our team is dedicated to public engagement and 
accurately and openly sharing data therewith.  

With regard to the multi-institutional nature of this project, we believe this is a key component of 
successful orthogonal genetic toolbox development and deployment. Although all project partners have 
molecular microbiologists on staff, Los Alamos National Laboratory and Lawrence Berkeley National 
Laboratory contribute unique expertise in algal genomic and functional genomic analyses, including 
ready access to Joint Genome Institute and Los Alamos National Lab Greenhouse informatic pipelines. 
These analyses have enabled rapid identification of key sequence regions (e.g., plastid integration sites), 
genetic regulatory elements (e.g., constitutive strong promoters and signal peptides), and gene targets 
(e.g., transcription factors regulating fatty acid biosynthetic machinery), which have in turn informed and 
enabled rapid deployment of associated genetic tools. Similarly, partners at the Colorado School of 
Mines bring recognized expertise in the development of CRISPR tools in non-model systems (including 
Nannochloropsis and Picochlorum species), which allows for direct knowledge transfer to other BETO 
deployment organisms. Additionally, we note that this scope of work—integrating genomic and broad 
host-range orthogonal genetic tools—is not currently being pursued on other projects, thus filling a 
distinct gap in the BETO portfolio. We apologize that due to time constraints, specific examples of risk 
management were not discussed in detail. To date, we have accomplished all project milestones in a 
timely manner, with relatively few hurdles, which has largely mitigated the necessity to deploy the 
formal risk mitigation strategies presented in our presentation. However, to avoid redundancies in 
research efforts with regard to CRISPR tool development by numerous labs, we have notably shifted 
NREL milestone efforts to focus more explicitly on expansion of novel tool suites (to include 
auxotrophic marker selection, protein secretion tools, and synthetic transcriptional regulation) in diverse 
hosts and shifted CRISPR pursuits exclusively to the Colorado School of Mines to maximize our project 
output and team strengths. 

With regard to the feasibility of deploying phosphite as a crop-protection strategy at scale, we note that 
the utilization of phosphite as a crop-protection strategy is a secondary outcome for our project; our 
primary goal is to deploy phosphite utilization as a selectable marker within a larger suite of genetic 
tools. We have shown stable transgene integration in both the nucleus and chloroplast using phosphite in 
this manner, notably including *off* selection (when cultivated on phosphate). Thus, large-scale 
deployment of phosphite would not be requisite to employ phosphite as a broad host-range selectable 
marker. However, we agree with the reviewers’ assessment that phosphite deployment for both selection 
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and crop protection at scale merits further evaluation from a techno-economic perspective, and we are 
actively collaborating with the DISCOVR AOP to determine efficacy and economics at relevant scales.  

• Lastly, with regard to likelihood of successful demonstration of project end goals (engineering 
orthogonal regulatory mechanisms in four deployment-relevant strains), we note that we have already 
successfully demonstrated our toolbox efficacy and transferability to three top-candidate strains in the 
BETO deployment portfolio. Efforts are underway to transfer these strains to three additional hosts, and 
we expect to achieve and/or exceed our end-project goal by the end of our current period of performance. 
Future efforts will target expansion and high-throughput, automated construction and deployment of our 
genetic toolbox, which we hope will enable rapid expansion into additional hosts in the BETO portfolio. 
Finally, we again thank the Review Panel for their time and input and look forward to continued efforts 
to develop facile genetic and functional genomic tools in top-candidate deployment strains. 
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ALGAL TRANSLATIONAL GENOMICS 
Los Alamos National Laboratory 

PROJECT DESCRIPTION 
The primary goal of this project is to use genomics to 
accurately characterize the metabolic potential of 
leading production strains to enable performance 
improvements. A significant barrier to advancing 
applied algal systems is that genome-wide metabolic 
models and regulatory networks are lacking, 
stemming from a dearth of knowledge of gene 
function for most production strains. Our research focuses on sequencing complete genomes and curating gene 
annotations through in silico and experimental approaches to expand fundamental knowledge of production 
strain physiology with a primary focus on inorganic and organic carbon assimilation and metabolism. The 3-
year project objective is to improve and curate genomic annotations of central carbon metabolism, carbon 
fixation, and organic carbon uptake in Scenedesmus, a high-performing, industrially relevant feedstock. The 
curated carbon metabolic models will be validated by evaluating the direct contribution of various organic 
compounds to growth and biomass composition. Collectively, this research lays the groundwork for improving 
biomass production rates under carbon- and light-limited conditions in large-scale ponds, enables genetic 
manipulation and breeding of production strains to improve biomass yields/traits, and will help achieve carbon 
input cost sustainability through discovery and utilization of efficient carbon metabolism pathways. 

 

WBS: 1.3.1.600 

Presenter(s): Shawn Starkenburg 

Project Start Date: 10/01/2015 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $900,000 
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Photo courtesy of Los Alamos National Laboratory 

COMMENTS 
• The goal of assembling a 100% complete genome for Scenedesmus is aspirational, but the project team 

appears to have a clear strategy and timeline for meeting that goal. The improved genome assembly 
methods developed here are of value to the general field of genomics, and the completed algal genomes 
will be a foundation for genetic manipulation and breeding of production strains to improve biomass 
yields and traits. Initial characterization of carbon metabolism in Scenedesmus and availability of a high-
quality curated metabolic map will also support future strain improvement strategies. 

• The main goal of this project is to use genomics to accurately characterize the metabolic potential of 
leading production strains to enable performance improvements. The team will achieve this though 
annotation, curation and metabolic pathway construction, phenotyping and validation studies, and 
advancement of genome assembly methods. The team is first focusing on Scenedesmus strains due to 
their productivity performance established in other projects. Further, there are existing genomic 
resources available for multiple strains that will help assess metabolic properties. The team also feels that 
the genome of this organism is large enough to challenge scaffolding methods, which will help develop 
robust approaches to genome characterization. Further, the work can result in knowledge of breeding 
properties and approaches to trait improvement for this organism. The impact of these approaches to the 
BETO program is based on investigating and developing tools to enhance productivity of algae by 
providing the basic knowledge needed to improve biomass production through discovery and use of 
efficient carbon metabolic pathways. Curation of genome annotations will help establish comprehensive 
models of metabolic pathways, which can be informed through experimental validation. The impact 
discussion could be enriched by showing how metabolic pathways can be used to understand specific 
points for regulation that would generate higher biomass productivity or high-value product production, 
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but due to poor state of current models for organisms such as Scenedesmus, such inferences cannot be 
properly made. The team has completed a literature review on the metabolism of Scenedesmus and 
published it. They further have constructed a carbon metabolism model and curated metabolic maps with 
phenotyping data. This achieved a key milestone in model construction. They have also completed 
carbon utilization studies. Further, they have completed 100% genome assembly and are working on 
publishing these data. The team has further work to complete in phenotyping and validation of metabolic 
responses. The discussion on how this knowledge base can be used to understand breeding and target 
trait enhancement would enrich the impact of the project. The work has generated six publications and a 
number of presentations. The team and management plan described are appropriate for this project. The 
risks and mitigation strategies are clearly delineated for this project. Progress was described through 
tasks, milestones, and go/no-go decision points, providing an adequate assessment of progress for the 
project. 

• The project team developed and implemented a detailed and rigorous plan and was able to mostly 
achieve the project goal and the end-of-project milestone. There were no significant impacts from 
possible risks. It is possible that the results can be used as an example for BETO’s toolkit in support of 
strain improvement via biologic methods. The project does not represent, nor is it apparent, that work 
was coordinated with other important BETO projects and programs (most notably DISCOVR) that are 
focusing on algal strains with significantly higher potentials of achieving BETO stretch and 
commercialization goals. 

• This project appears to be on track and has accomplished most of the proposed milestones. Project team 
meets weekly, and risks and some mitigation strategies are identified. Approach seems good, 
Scenedesmus is a promising strain, and having its genome sequence should aid strain improvement 
efforts. Impact of developed genome assembly methods seems likely to help with academic and 
industrial efforts to improve carbon input cost sustainability. Significant progress has been made on all 
three project tasks and project team is on track to complete all tasks by the end of the project. 

• This project is working toward the complete assembly of the Scenedesmus genome, which requires a lot 
of painstaking work. This provides foundational work for algal genomics, and the hope is that 
developing the tools and experiences around this strain will facilitate an easier effort to replicate the 
same results for other strains in the future. 

PI RESPONSE TO REVIEWER COMMENTS 
• Many thanks to the Review Panel for their time and thoughtful responses. Through this project, we strive 

to develop state-of-the-art genomics tools to accelerate performance improvements in algal feedstocks. 
Building curated and validated gene annotations from high-quality genome assemblies helps the algal 
industry by providing reliable knowledge of strain physiology to enable optimization of cultivation 
practices, genetic manipulation/breeding, and quantitative trait locus analysis of production strains to 
improve biomass yields/traits. Scenedesmus was chosen based on its consistent performance in outdoor 
SOT trials and its ability to efficiently utilize nutrients from waste streams. The tools and methods 
developed herein can and will be applied to other promising feedstocks to maximize utility/value of this 
investment. 
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ALGAL BIOMASS COMPOSITION 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
Addressing critical improvements in biomass 
productivity and associated biochemical composition 
is a priority for the economic and sustainable 
commercial development of biofuels and bioproducts 
from algae. Capitalizing on pathways that integrate 
engineering approaches with fundamental 
biochemistry of photosynthetic organisms will lead to 
a better understanding of the complex nexus of algae growth rates, productivity, and composition. This project 
focuses on identifying the critical factors for economic development of fuel and bioproduct technologies. Algal 
compositional characteristics form the foundation of robust economic and business models. This project 
supports that foundation by developing and validating accurate compositional methods and disseminating them 
to the greater community. Simultaneously, we build a deep understanding of the dynamic biochemical 
composition and carbon allocation for biomass value and conversion yields. A coproduct portfolio developed 
under this project demonstrated a 30% increase in intrinsic value. Additionally, an integrated pipeline of 
molecular diversity mapping for product discovery with quantitative demonstration across species was 
deployed over the BETO algae program. The advances made here are highly relevant to BETO’s multiyear 
program targets of reducing costs and integrating dynamic biomass composition with conversion processes to 
provide options for bioproducts, all leveraging the molecular diversity of algae. 

  

WBS: 1.3.2.001 

Presenter(s): Lieve Laurens 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $2,200,000 
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Photo courtesy of National Renewable Energy Laboratory 

 COMMENTS 
• More information on project management and within-group data sharing and communications would 

have been helpful for the review. The open-access aspect is critical to the success of the project and 
harmonizing externally. This will definitely be a huge asset to the community overall and certainly 
further the capabilities of the industry as well as academic research. The only concern here is that people 
might get less creative with what they can make, because obviously it is lower risk to make a product 
with known value than to come up with a more novel biosynthesis. But in general, this is a great thing to 
have. The translation directly to surfactant chemistry is excellent—congratulations! This is really critical 
work, especially when it comes to the unknowns, which seem likely to turn out to be useful as many 
plant metabolites are. The analytical work was meticulous and had a direct commercial result, 
demonstrating why it is so critical to get these things right. Well done! Hopefully, this will get 
researchers and industry thinking more about non-petroleum synthetic routes. 

• The project addresses important areas needed for commercialization of biproducts from algae biomass. 
The wide variability in growing conditions and among species types leads to a wide range of outcomes 
that makes product planning and corresponding economics difficult to predict or otherwise establish. The 
project coordinates and is informed by adjacent BETO projects and takes input from industry and outside 
interests. The presentation highlighted significant interest via website visits and downloads. The 
project’s results and insights regarding the inherent issues present in current commercial laboratory 
compositional analyses may serve to represent a new and improved starting point for evaluating the best 
uses for commercial algae strains. The apparent and significant overstatement in carbs and protein 
content using commercial methods should trigger deep reconsideration of coproduct scale and viability 
for almost all applications. Similarly, the remaining and significant volumes of unknowns must be 
seriously considered for all purposes going forward. The project may or may not fully achieve its goal 
and end-of-project milestone but may have finally established a starting point and line of sight for the 
work needed to really understand the fundamental approach needed to establish the composition of 
algae. This in turn will greatly enable more accurate mass and energy balances, then product profiles and 
meaningful data for use in TEA and LCA. This greatly benefits industry and all BETO programs. 

• The project aims to identify critical success factors, associated with biomass-derived products, for 
economic opportunity. The team and management plan described are appropriate for this project. The 
risks and mitigation strategies are clearly delineated for this project through a thorough discussion of 
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critical success factors, challenges, and mitigating strategies. Progress was described through tasks, 
milestones, and go/no-go decision points, providing an adequate assessment of progress for the project. 
The team’s approach is to develop and apply advanced compositional analysis of biomass and associated 
bioproducts, model value of components, integrate information in databases, and convene a technical 
standards working group to establish methodology and metrics. The approach is deemed holistic, 
covering essential components to assess biomass value. The effort has broad impacts to the algae 
research and industrial community through the development of methodology, reference materials, and 
standards. The team’s efforts in understanding variations in analytical data for biomass composition are 
unique in the community. The problem is confounded by variations in methodology between 
laboratories. Developing methodology that accurately provides a mass balance of algae components is a 
critical factor for the community. Hopefully these efforts will be enhanced with future development and 
adaptation of standard methods and materials that will be utilized by the community. The efforts in 
developing an understanding of the intrinsic value of biomass components is progressing. The team 
should look into heuristic approaches in assigning value, along with ensuring that product values (or 
value ranges) are associated with market size, purity and characteristics of the products, and availability 
of the component. 

• The project’s interaction with collaborative partners strengthens this project, as well as all associated 
projects, in a highly impactful way. Conflict with existing nutritional panel analytical methods seems 
well understood, and the team seems well equipped to adapt methods and motivate revisions to 
antiquated standards. The translation of this work to macroalgae demonstrates the robustness of 
analytical methods and transferability of biomass components. Understanding of sensitivities and 
diversity of biology is well addressed while still creating uniformity and continuity in this project’s 
general approach. Development of standards and common characterization metrics is critical for the 
development of this industry. Developing this work in the context of valorizing biomass is a critical step 
in proving the investment viability in this industry. Creating clear on-ramps to convert biomass into 
commodities has been tremendously challenging for many teams working in the space. This work begins 
to address that challenge but still fails to link algae cultivators with potential offtake agreements. Direct 
access to a market of potential consumers would take the existing database of valuable biomass fractions 
and link it to tangible sales. For this project to be completely successful, industry adoption will be 
required. Adoption by the Algae Biomass Organization is a significant step in that direction. Rigorous 
use of these standards by the NREL Systems Integration team could also be used to create a standardized 
comparison of technology and technological progress to the benefit of transparency and understanding 
the true state of the art. It’s concerning that 200 kg of high-quality biomass appears to be the bottleneck 
for validation required for large-scale industry adoption, as this should be addressed by industry partners 
working in collaboration with BETO and national lab efforts. 

• This project seeks to address critical improvements in biomass productivity and associated biochemical 
composition by identifying critical factors for economic development and deployment of algal biofuels, 
biomass productivity, conversion efficiency, bioproduct technologies, and compositional analysis. This 
is relevant to the BETO mission and addresses BETO barriers of lack of understanding of the value of 
feedstock and lack of information on the physical, chemical, and biological quality of biomass. The team 
has a clear management plan with well-defined task structure and leads by leveraging team expertise and 
previous experiences. They identified risk and outlined mitigation strategies, as well as established 
channels of communication and collaboration amongst team members. Their approach is to standardize 
compositional characterization of algal biomass by quantitative development and validation of analytical 
methods for biomass composition, productivity, and energy, as well as development of standards for 
quantitation. That approach seems reasonable, and successful execution will progress understanding of 
algal biomass value and impact on process changes on biomass composition and productivity, thereby 
optimizing the value of algae and reducing the cost of production. The team has made significant 
progress. They have developed standard analytical methods that are currently utilized in the algal 
industry, developed novel concepts for algal valorization, implemented a fractionation approach, and 
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built a novel and validated algae-lipidomics database. They have done tremendous work in narrowing 
the gap of unknown fractions of algal biomass. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their complimentary feedback on this project. Several comments by the 

reviewers were reiterated and we appreciate the opportunity to respond. While we realize that there is 
still a significant quantity of the unknown fraction of biomass that is as of yet uncharacterized, we do 
believe that with our future approach of combining an in-depth dynamic metabolic understanding of the 
biomass, we will be able to elucidate at least respective pathways and metabolite intermediates that in 
our opinion will help partially close the gap of missing components. This more granular definition of 
algal biomass will also pave the way for carbon metabolism rerouting to make room for novel 
biosynthesis, as was mentioned by one of the reviewers, and novel petrochemical replacement routes 
based on identified new products.  

• We realize that the project management aspect could have been explained in more detail, and it was not 
the intention to suggest that different areas are working in respective isolated silos. We have a close-knit 
team and meet weekly on experimental details and biweekly as a full group to align expectations and 
share advances made toward the quarterly milestones. With respect to the application of heuristic 
approaches to assigning value of products, we want to highlight that our close collaborations with the 
TEA group (WBS 1.3.5.200) and the conversion team (CPR project, WBS 1.3.4.201) provide a direct 
line of sight toward value and production/purification feasibility and integration of novel discovered 
products. We have over the past couple of years developed a flexible approach that allows for the 
integration and rapid testing of novel composition and products on the bottom line of algae-based 
bioenergy. We believe that our role is in communicating the “how” of reporting biomass quality and 
providing open-access tools to support widespread adoption by algae cultivators to consumers. 
Ultimately, the growth of the industry is outside of the reach of this project. We continue to prioritize 
publishing our work to present new ideas to the wider community, and within the limits of our control, 
industry adoption. The availability of a standard reference material will aid with the communication 
highlighted here and provides a tangible product that may be used by the algae industry to demonstrate 
improvements and method validation. Such reference material is not, in our opinion, the bottleneck for 
industry adoption, but rather a tool to help align and set expectations around reporting requirements. 
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PROTECTIVE BACTERIA IN ALGAL PONDS: INDUCIBLE PROTECTION 
TO MAXIMIZE RESPONSE 
Lawrence Livermore National Laboratory and Lawrence Berkeley National 
Laboratory 

PROJECT DESCRIPTION 
The end goal of the project is to demonstrate bacterial 
application regimes that measurably improve algal 
crop loss due to grazing: increasing the magnitude of 
protective effect by 25% and doubling the duration 
over current baselines. From a previous BETO 
competitive award, we had identified a particularly 
promising probiotic and demonstrated significant 
protective effects against rotifer predation. In this project, we focused on identifying probiotic 
ecophysiological regulation of protective compound production, considering the influence of surrounding 
chemistry, algae, rotifers, and the microbial community on the generation of these compounds. We then 
conducted experiments to apply this knowledge to induce and maximize the protective effect. Our approach 
included (1) genome analysis for elucidation of genes/pathways involved in protective mechanisms, (2) 
determining and inducing the mechanism of protection using our knowledge of these pathways, (3) comparing 
the protective effects using grazing assays with induced and uninduced (baseline/control) applications with 
increasing complexity, (4) modification of our TEA model to calculate economic feasibility of induced 
probiotic application regimes, and (5) scale-up of successful probiotic application regimes to 100-L pond trials. 
The project is currently in its third and final year, so aims 4 and 5 are ongoing.  

  

WBS: 1.3.2.002 & 1.3.2.003 

Presenter(s): Rhona Stuart 

Project Start Date: 10/01/2018 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $140,000 
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Photo courtesy of Lawrence Livermore National Laboratory and Lawrence Berkeley National Laboratory 

COMMENTS 
• Having a smaller team makes communication simpler. Roles and responsibilities are well defined. Risk 

management strategy was not clear. Identified a gap in crop protection; previous work indicated that this 
had some potential for optimization. Connection to outdoor performance and scalability is good. There is 
a clear connection between approach and outcomes, and the potential usefulness of the Janthinobacter 
strain development. However, the work doesn’t seem significantly guided by TEA. The recycling of 
spent media to prime the inoculum of the next batch is particularly interesting. The assay development 
for empirical effects on predators is very good work. Oddly enough, violacein is useful for much more 
than antibiotics/antifungals—it’s a great starting material for semisynthesis of a lot of chemicals. There 
is likely to be a Red Queen predator/prey resistance effect with bacterial toxins. The concern is that if 
this is implemented in a raceway, environmental safety will require additional containment and 
wastewater recapture to avoid large quantities of antibiotics being dumped into wastewater treatment 
plants and killing off their whole biological oxygen demand system. That could blow up the TEA 
completely. However, if the water is recycled, enough violacein/Janthinobacterium could potentially be 
captured to get that head start on the rotifers that resulted in no grazing. It is unclear how the algae will 
be harvested. 

• Partnerships seem well grounded in project goals and research needs. Multiple TEA experts may not 
serve the team well at this bench scale. Grazing assays are difficult, and these seem well designed and 
executed. Insertional mutagenesis strategy seems poorly developed and difficult to translate into a field-
ready crop protection product. Janthinobacter consortium member has potential and was a soundly made 
choice. Identification of violacein role in crop protection is significant. Introduction of an effective 
probiotic is impactful. The project would be more impactful if it demonstrated the capabilities of a 
probiotic development pipeline capable of screening and selecting more than one organism in a 
reproducible manner. The team seems to have met all goals and milestones. It does not appear that any 
work to regulate the induction of violacein production was successful or that violacein alone is an 
effective crop protection tool. The mechanism of efficacy for violacein should be explored more 
completely if this method for contamination control is going to be used in the field. 

• The goal of the project is to understand the probiotic mechanisms of Janthinobacter lividum in algal 
cultures to help improve the effects and overall productivity of the algae. The team and management 
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approach described are appropriate for this project. The presentation did not provide a description of 
progress to be achieved through tasks, milestones, and go/no-go decision points, providing an inadequate 
assessment of progress for the project. The presentation would have benefited from a discussion of risks 
and mitigation strategies. The team’s approach to identify protective genes, induce these at scale, and 
assess improvements is a unique approach within the BETO program. The use of a targeted probiotic 
minimizes complexity and allows for focused approaches to increase productivities. The impacts at the 
BETO level and project specifics were discussed with sufficient detail. The choice limits application of 
the probiotic to a specific pest control: rotifers. Rotifers are ubiquitous pests in many algae cultures, and 
therefore impact may be broad. The team has found that the main mechanism of action of J. lividum 
comes from the production of violacein and demonstrated improvements in protection of outdoor algae 
cultures. The team is working on violacein induction, but results have not been fruitful. They have been 
able to amend microcosms with Janthinobacter and induce protection, and have found that different 
strains also induce protection, indicating other potential toxins may be at play. Progress is deemed 
adequate, and the results are quite relevant to the goals of the project. The presentation can be enhanced 
by providing a quantitative assessment of milestones achieved and future work. 

• The goal of the project of reducing algae losses from grazing using probiotics may provide meaningful 
insight and possible applications in pursuit of BETO’s MYPP and other program goals. The admitted 
limitations may be the cost-prohibited nature of this type of approach, and that remains to be evaluated 
during the TEA portion of the work that is yet to be undertaken. The project team has done an admirable 
job managing through changes in staffing as well as schedule and logistical challenges created by 
COVID-19 and the California wildfires. The presentation documents good progress against the project 
goal and some progress against the end-of-project milestone. 

• This project focuses on improving affected algal crops due to grazing by increasing the magnitude of 
protective effects by 25%. This is building upon the team’s previous BETO award, where the team 
identified a probiotic, Janthinobacter lividum, and demonstrated significant protective effects against 
rotifer predation. The previous project did not address inconsistences with protection in complex 
communities and the cost impact of increasing the dose. In the current project, the team seeks to 
understand the biological mechanism and regulation of protection and utilize knowledge to induce and 
increase the protective response. If successful, the project will advance BETO goals of minimizing pond 
crashes. The team has a clear management plan with a well-defined task structure leveraging expertise of 
team members. The team did not identify risk and mitigation strategies. Established channels of 
communication and collaboration amongst team members are outlined. The team should consider 
clarifying strategies for outdoor trials to validate performance with probiotics and how this strategy will 
be deployed at commercial scale. The team’s approach in designing grazing assays to assess effects of 
treatments to reduce grazing, identify protective genes, test induction conditions at scale, assess 
improvements with increased complexity, and develop methods to understand effects of protection on 
algal carbon loss is reasonable. Outdoor validation of proposed algal protection strategies should be 
implemented earlier in the program. Overall, the team has made progress toward goals. The identified 
violacein and the mechanism of protection and showed induction can be used to improve protection at 
laboratory scale. However, it’s uncertain if this improved protection will translate to improved 
performance outdoors. 

PI RESPONSE TO REVIEWER COMMENTS 
• Our team greatly appreciates the feedback of the reviewers, which is very useful in guiding both how we 

present and how we may implement our results. We have taken the opportunity here to respond to some 
of the points raised that were not clear in our presentation. Regarding how much we were guided by 
TEA results, we were initially guided by our earlier TEA, which indicated that the dose cost was the area 
with the most sensitivity, so that is what we chose to focus on optimizing for this project. Recycling of 
spent media is important to explore, but the level of violacein added is quite low (1–10-nanomolar range, 
and undetectable by standard assays once added). Janthinobacter itself only persists for 4–5 days in the 
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mesocosms, and thus we do not envision either the violacein or the bacterium as an environmental safety 
issue downstream. Additionally, at this level, the application does not selectively alter the native 
microbiome, so we do not have evidence that we are increasing the antibiotic-like activity in the cultures 
or spent media.  

To clarify what we have found with regard to violacein, we have, in fact, been successful at inducing 
violacein in Janthinobacter quite consistently, through several distinct compounds and media 
formulations. These were mentioned in the presentation and are the subject of a paper currently in 
review, comparing the genomes of different isolates and their violacein production capabilities. Since 
some of these compounds were already known from the literature (e.g., mannitol), we did not highlight 
them. We should have mentioned that purified violacein does not protect, so alone it is not an effective 
tool. In fact, engineered violacein-producing E. coli and their extracts also do not appear to protect, 
whereas Janthinobacter and Janthinobacter extracts do, indicating that although violacein is involved, 
the mechanism of protection is more complex than just violacein. We agree this mechanism should be 
further studied, but it was beyond the scope of the current project to look at the physiological effects on 
the pest.  

Regarding the Red Queen dynamics, while this is definitely possible, we see evolved resistance of the 
pests as much less likely than pesticide applications, for example. Adding purified violacein does not 
confer protection, but Janthinobacter extract does, so there are clearly additional compounds or delivery 
mechanisms involved that will require more complex evolution to evade. Additionally, a live bacterium 
will evolve more quickly than the predator due to faster doubling time. We agree that outdoor validation 
is very important, and its early testing was critical in the previous iteration of this project. Given that we 
had already validated outdoors in the previous project, we planned to wait until early in year 2 of this 
project (which would have been February or March 2020), so pandemic shutdowns delayed. We have 
now validated outdoors at the mesocosm scale and will test at 100-L scale at the end of the project. 
Regarding quantitative description of progress, this project has been very successful at meeting our 
goals. Our go/no-go was met 2 months ahead of schedule and all our milestones were met on time, 
except one that was discussed and for which mitigation is ongoing (also mentioned below). We did 
include a milestone table in our additional slides but agree we could have been more quantitative in the 
presentation.  

To clarify our risk mitigation strategy, when the project was proposed, we outlined several risks and 
mitigation strategies for each year of the project. Most of these we have not needed to implement due to 
success of our proposed strategy, so were not discussed. However, we have had to manage risk on a few 
aspects of the project, one of which was highlighted—namely the difficulties with insertional 
mutagenesis to verify the mechanism. In this case, we turned to transposon mutagenesis, which has led 
to more insight into regulation of induction as well, so we see this as successful mitigation. Additionally, 
to clarify, insertional mutagenesis was not intended for application, but merely to confirm that the 
mechanism of protection involved violacein genes, the mutants themselves would not be applied. The 
other risk mitigation actions were regarding wildfire and pandemic shutdowns and were mentioned in the 
presentation. Regarding the impact of generating a probiotic development pipeline for screening and 
selection, our earlier project did just this, successfully. We developed a pipeline using selective pressure 
to find protective consortia, which is published and available for use 
(https://doi.org/10.1016/j.algal.2019.101500). This follow-on work focused on one of the promising 
isolates we found. We think this is also quite impactful by developing and presenting a strategy for 
optimization and application of an isolate, which can be replicated going forward for other strain and 
pest combinations. 

https://doi.org/10.1016/j.algal.2019.101500
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CHYTRID CONTROL ADVANCING ALGAL TARGETS 
Lawrence Livermore National Laboratory 

PROJECT DESCRIPTION 
This seed AOP project is developing new techniques, 
experimental platforms, and laboratory resources that 
will facilitate continued research into the design and 
application of treatments against chytrid fungi that 
infect algae. Chytrids are the primary culprits of 
frequent, unpredictable pond crashes that hamper 
algal biomass production, infecting numerous 
promising biofuel algal strains, including Scenedesmus, Desmodesmus, Monoraphidium, and Haematococcus. 
While data from production ponds are limited or inaccessible, it is well known that chytrid infections 
drastically reduce crop productivity for entire growth seasons and can be roughly estimated to reduce the 
annual yield by at least 30%. This seriously threatens the economic viability of algal cultivation and 
production of biofuels and bioproducts. Currently, most algal cultivation facilities rely on one of two 
approaches toward prevention, control, and mitigation of chytrid infections: (1) routine application of caustic 
agents (e.g., bleach, ammonia, hydrogen peroxide) and broad-spectrum fungicides, or (2) full harvest of algal 
biomass immediately upon detection of infection. Both of these approaches have severe drawbacks. Chemical 
treatments can be costly and harmful to the algal crop and may still be ineffective at killing chytrid spores. Due 
to these considerations, some growers opt to harvest algal biomass prematurely—despite considerable loss of 
potential productivity—since this ensures that at least the biomass that has already been produced at the time 
of infection is not lost. Neither approach works as a long-term solution for improved production. 

Currently needed is a transformative approach to algal disease management that is informed by chytrid 
biology. This work aims to generate foundational understanding of chytrid biology and ecology that is 
necessary to design treatments against those that infect Scenedesmus spp., a workhorse oleaginous alga grown 
globally as renewable and highly productive feedstock for biodiesel fuel. To this end, we have developed a 
high-throughput metabolic phenotyping assay to screen for heterotrophic growth capacity of chytrids on 
various carbon substrates. This approach will help determine potential substrates to administer to infected 
cultures and induce chytrids into a non-infective state by providing an energy source that does not require 
parasitism of an algal host. Rhizophydium sp. and Paraphysoderma sp. were capable of growing on some but 
not all of the substrates, demonstrating the utility of the method and the potential to use these substrates as 
infection deterrents. Meanwhile, we developed a rapid and sensitive infection assay that builds upon the 
knowledge of fluorescent probes capable of staining chytrids and applies flow cytometry to quantify chytrid 
infection prevalence within Scenedesmus obliquus cultures. Results were highly comparable to those obtained 
from the traditional and accurate microscopy-based visual assessment of chytrid infection prevalence. Such 
rapid assessments are critical to determine onset of and treatment efficacy against chytrid proliferation. 

Our work thus far highlights how considerations of chytrid ecophysiology can be leveraged to establish and 
validate approaches that enable reliable algal biomass production in the face of ever-present and voracious pest 
species. 

WBS: 1.3.2.040 

Presenter(s): Ty Samo 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $200,000 
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Photo courtesy of Lawrence Livermore National Laboratory  

COMMENTS 
• Roles and responsibilities are defined, and communication lines are straightforward, as it’s not a large 

team. Risks and mitigation plan are clear. Novel crop protection strategies, especially from chytrid 
predation, are certainly needed. The strategy is certainly creative and interesting, though it seems like it 
may have the effect of keeping chytrids in log growth instead of maintaining satiety. Connection of 
approach to outcomes doesn’t seem guided by TEA. It’s unclear how this would be implemented. It 
seems like some percentage of the algal production would be sacrificed to feeding the predator. It’s 
interesting in terms of understanding the basic biology, but the commercialization potential is not 
straightforward. The assay development is good. Answers are certainly needed to this problem, but really 
it is one of many problems. TEA of spent media recycling needs to be done but should be a 
straightforward addition to capital expenditures (CapEx) and operating expenditures (OpEx). The thing 
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is, this is really a Red Queen problem, as all predation/prey relationships are. No matter what is found, 
eventually there will be some resistance mechanism developed for everything short of mechanical 
separation. 

• The goal of this project is to develop treatments of chytrid infections by understanding the biology of 
these organisms. The team and management plan described are appropriate for this project. The risks and 
mitigation strategies are clearly delineated for this project through a thorough discussion of critical 
success factors, challenges, and mitigating strategies. Progress was described through tasks, milestones, 
and go/no-go decision points, providing an adequate assessment of progress for the project. The 
approach in developing tools to quantify chytrid infections and strain identification and identifying pest 
control mechanisms is deemed appropriate. Impacts were discussed based on the understanding of the 
biology of these organisms and their infectivity. The impacts presentation can benefit from discussion of 
overarching impacts to the algae cultivation community and to the BETO program. The team has made 
progress in identifying microbial constituents that enhance chytrid growth. They are developing 
spectroscopy methods for detection of chytrid-algae infected cells. The presentation can be enhanced by 
providing a quantitative assessment of milestones achieved and future work to be developed. 

• The project presents a novel approach for managing chytrid infections in algae ponds by creating tools or 
management approaches that sate the chytrid and/or otherwise protect the algae. These approaches would 
be required to be cost-effective when compared with more traditional methods. Materials presented show 
progress toward development of a chytrid toolkit and the identification of two substrates that may be 
good candidates for chytrid treatment; however, the development and implementation of these treatments 
remains to be undertaken. The general ambition for treatment is apparent, but without details or 
supporting data remains an open question. This being a primary goal for the project that is now at its 
halfway point may become difficult to achieve. 

• The team is small and well suited for this effort. Risks seem poorly defined and may represent cost 
challenges but fall short of preparation for unexpected outcomes in biological experiments. Genus-
agnostic substrate plans seem to have sound inherent risk mitigation built into them, even though not 
specifically described in the management plan. Goal of eliminating harm done by chytrids without 
removing them from the environment seems practical and feasible. Use of traditional light microscopy 
lacks the glamor of many of the methods described by other projects but shows a commitment to 
understanding details of system dynamics that are often lost when using only omics and sequencing-
based methods. The strategy to revert chytrids to non-infective status through direct feeding is very 
different. This novel approach seems to have obvious risks as it is similar to cocultivation instead of 
more typical destruction, removal, and starvation strategies. The approach still seems sound and 
meritorious and has the potential to be impactful if successful. The details of the technical approach do 
not seem well communicated. Chytrids are a narrowly defined but important target. The productivity lost 
to chytrid contamination is not well described, though. This leaves the overall impact of this work 
uncertain. Comparing flow cytometric assays to light microscopy makes these data very robust and more 
transferable. Work does not point to a useful field product at this time and work does not seem well 
aligned with any plans to control contamination in an affordable or practical way. 

• This project focuses on developing tools to study chytrid metabolism and ecology and then using the 
information to design improved pest management strategies that are targeted, rational, and sustainable. 
The plan is to build upon a previous project that characterized chytrid infections of Haematococcus 
pluvialis. The project’s goal is in line with the BETO mission and MYPP and addresses barriers in 
sustainable algal production (Aft-B) and biomass genetics and development (Aft-C). The team provided 
a clear management plan and outlined some risks and mitigation strategies. The team needs to provide 
more clarity on the implementation strategy and include outdoor testing. Baseline biomass productivity 
and the target improvement baseline was not discussed. The approach is to develop tools to understand 
chytrid ecophysiology as well as evaluate manipulations that will mitigate their negative effects on algal 
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growth. The team intends to evaluate approaches that convert chytrids from parasite to commensal by 
manipulating culture conditions to maintain adequate organic levels, adding substrate that sate chytrid 
appetites, and assessing efficacy of treatments by measuring onset and intensity of infections. The 
approach is innovative but unclear how substrates that support chytrid growth are good candidates to 
induce a non-infective state, and if the extracellular polymeric substances in algae play a role as 
substrate. The team should consider providing a detailed mechanism of the proposed approach. The team 
has made progress in developing a flow cytometric assay to quantify chytrid infection quickly and 
sensitively and demonstrated comparable data using microscopy-based assessment. Progress still needs 
to be made in identifying treatment/cultivation strategies at lab scale that diminish infectivity of chytrids 
and show improved biomass productivity. 

PI RESPONSE TO REVIEWER COMMENTS 
• We appreciate the thoughtfulness and thoroughness of the reviewers’ comments, and we are excited that 

the reviewers all see the merit of the project and novelty of the approach. We are further encouraged that 
reviewers ask for scaling up of treatments to outdoor demonstration and developing a TEA—though 
these both fall outside the reasonable scope of our 2-year seed AOP, we take this as a vote of confidence 
for our approach and hope that continuing funding will allow us to test the treatments resulting from the 
seed project. Several reviewers call for a more detailed technical approach and explicit mechanisms of 
potential treatments. Though we have this in the project plan, we did not fully go into them during the 
short Peer Review presentation. We appreciate this criticism and look forward to improving on this front 
in future presentations and Peer Reviews. A very important point made by two reviewers is the need for 
data on chytrid-related biomass loss. We fully agree with this and considered including this in the initial 
proposal. Very limited data are available to the research community, likely owing to the less-than-
flattering optics of a production system hampered by crop loss. Test bed facilities and commercial 
growers should be encouraged to share valuable data and samples to better constrain loss estimates. 
AzCATI, in particular, should have information on Scenedesmus, Desmodesmus, and Monoraphidium 
crashes—directly relevant to our study. 

  



2021 PROJECT PEER REVIEW 

 

61 ADVANCED ALGAL SYSTEMS 

LEAF: LEVERAGING ALGAE TRAITS FOR FUELS 
Sandia National Laboratories 

PROJECT DESCRIPTION 
Building on our preliminary work on the utilization 
of plant substrates by microalgae, we will accomplish 
the following objectives by the end of the 3-year 
BETO/U.S. Department of Agriculture collaborative 
project Leveraging Algae Traits for Fuels (LEAF): 
scale up and optimization of mixotrophic growth on 
plant substrates for several strains of microalgae, 
demonstrating biomass and/or fuel yield improvement of 15% versus baseline (algae and plant alone), 
biochemical pathway mapping of plant substrate utilization in Nannochloropsis sp., characterization of plant 
biomass changes after algae growth, and microbiome characterization in algae/plant substrate cultivation. The 
LEAF project examines algae growth and performance with plant substrates at multiple scales, collaborating 
with two industry partners to maintain production-scale relevance. To date, the team has published on the 
utilization of plant substrates by Nannochloropsis sp. at multiple scales, describing improved growth with a 
30% improvement in growth rate, shift in lipid production to omega-3s, changes in plant composition due to 
algae growth, and preliminary insight into the role of the bacterial microbiome. We will continue our 
examination of carbon utilization pathways by transcriptomics and plant substrate labeling, Scenedesmus sp. 
and Desmodesmus sp. growth at multiple scales with plant substrates, characterization of plant biomass in 
these cultures, and microbiome dynamics in mixotrophic raceway cultivation. 

 

WBS: 1.3.2.043/1.3.2.042 

Presenter(s): Amanda Barry 

Project Start Date: 10/01/2020 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $1,110,000 
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Photo courtesy of Sandia National Laboratories  

COMMENTS 
• Roles and responsibilities are defined. Risk management is clear and mitigation strategies described. 

Communication methods are mentioned. The experimental design is reasonable. It would have been 
helpful to see/hear more hypotheses about why algae might be eating plant material. Many questions 
surface from this related to whether or not the algae are scavenging nutrients or possibly cycling between 
benthic and pelagic phases like invertebrates; maybe the nutrients are broken down by biofilms and the 
algae just happen to enjoy some relationship with the biofilms. These questions are a bit like asking 
“Why do humans eat steak?” but it’s just an odd thing since it’s known that algae “eat” CO2. 
Seeing/hearing more hypotheses here would have been interesting. It would be nice to see productivity 
increases, but this work is still in the very early development stage. It does not seem appropriate to 
evaluate on commercial ability at this point. There is some improvement, but it is still extremely early-
stage work. The TEA should probably include biomass logistics costs at least a little or consider an 
instance where logistics costs are included. 

• The goal of this AOP project is to design, develop, and understand mixotrophic growth cultivation with 
plant substrates for industrially relevant algae strains to improve biomass and lipid productivity. The 
team has previously demonstrated 30% improvement in growth rate of Nannochloropsis sp. by utilizing 
plants substrates, and a shift in lipid production to omega-3s. Building upon previous knowledge and 
success, the proposed work will improve biomass and lipid productivity while addressing BETO barriers 
Aft-B and Aft-C. The team had a clear management plan with a well-defined task structure and leads 
leveraging team expertise and previous experiences. They identified risks and outlined mitigation 
strategies, as well as established channels of communication and collaboration amongst team members. 
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Their approach in exploring industrially relevant algae strains with multiple plant substrates, determining 
impact of the substrate on biomass and lipid productivity, and understanding biochemical pathways 
involved and the role of the microbiome, as well as scale up validation, is reasonable. The team has 
made major progress toward the goals. The team has demonstrated biomass and lipid improvements with 
three strains at the shake flask scale and one strain at the 50-L raceway scale. Further studies are needed 
to understand why plant substrates show improvement in some strains and not others, and if there are 
differences in biochemical pathways for these strains. A major finding was that biomass improvements 
were significant without CO2. This may be promising for commercial-scale algae ponds where CO2 
limitation impacts biomass productivity and can be coupled with direct air capture (DAC) technologies 
for improved CO2 utilization and biomass productivity. The team needs to provide some clarity on how 
the plan to address AFDW determination of algae given the challenge of algae colonization to plant 
material, as well as how the proposed strategy can be commercially deployed. 

• The management team seems well qualified for this work. The role of the U.S. Forest Service in this 
project is not clear. Risk mitigation strategy seems overly general and may not address some of the 
greatest technical risks to the project’s ultimate success. The work described in this project seems well 
focused on key deliverables without distraction from tangential research activities. Collaboration with 
the U.S. Department of Agriculture for scanning electron microscopy analysis is a smart way to get 
critical information about the mechanism of cellulase activity that might not be found through 
transcriptomics alone. Plans to use microbiome analysis seem unclear and may not have been completely 
developed before collecting these data sets. Use of real—not modeled or neat—feedstocks make the 
impact of this research immediately translatable. It is unclear how biological discoveries made in this 
work redefine strain biology as described. It is unclear what work is being done with microbiome 
dynamics except community analysis, or how this work will translate into impact. The team’s inability to 
determine AFDW or isolate algal biomass makes it difficult to assess the progress of this work in direct 
comparison to other projects in the portfolio. Structural and sugar content changes of plant matter with 
algae are not described in detail, so it is difficult to determine if this finding represents progress. It is 
unclear how growth rate improvements were demonstrated if algae biomass was not separated from 
general biomass in the mixed system. The conclusions that productivity improvements can vary across 
scales and that the microbiome may play a role in substrate accessibility seem like they should have 
already been known, and it is unclear how those conclusions help address any challenges without more 
detail or actionable recommendations. 

• The project is novel and explores an intriguing topic for some in the algae community. The project 
involves and coordinates with a good set of industry players and other interested parties and projects. 
They have done a nice job managing COVID delays and appear able to complete the planned work. The 
project has achieved some interesting results that will be helpful. The mixed results in growth and 
composition at small scales are probably not good success predictors for larger-scale and in-field 
conditions. This would limit the value of these approaches in support of BETO’s MYPP and other goals. 

• The team and management plan described are appropriate for this project. The risks and mitigation 
strategies are clearly delineated for this project through a thorough discussion of critical success factors, 
challenges, and mitigating strategies. Progress was described through tasks, milestones, and go/no-go 
decision points, providing an adequate assessment of progress for the project. The team will look for 
mixotrophic growth in four different strains of algae, using corn stover, switchgrass, and sugarcane 
bagasse as substrates providing the main source of carbon. They will determine the productivity changes, 
determine biochemical pathways involved, examine the plant substrate, and determine the role of the 
microbiome. The approach will determine the ability of these algal strains to grow mixotrophically and 
provide a new approach to algal biofuels and bioproducts through plant substrates. The impacts 
discussion was limited to justifying the work. This can be enhanced through a broader discussion of 
plant substrate utilization on emissions, along with impacts to the BETO and DOE goals such as 
productivity enhancements. The team has made progress toward project goals. Nannochloropsis, 
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Scenedesmus, and Desmodesmus show biomass and lipid productivity improvements on one or more 
plant substrates. Microbes may play a role in the process but are not necessary to the algae in-plant 
utilization. The team has demonstrated achievement of 15% improvement in productivity at the 50-L 
mini pond scale. The TEA shows that this lowers the biomass price from baseline. Determining the 
mechanism for utilization of plant substrate will be key in determining what improvements can be made 
in future production systems. 

PI RESPONSE TO REVIEWER COMMENTS 
• The LEAF project team thanks the Review Panel for their time and thoughtful comments. The team 

understands the importance of quantifiable metrics for biomass productivity. In all our experiments, 
algae are separated from plant substrate to determine algae biomass productivity improvements. While 
AFDW is difficult to calculate directly with algae colonization of plant substrate in cultures for some 
strains, we have had success separating algae from rinsed plant material by filtration. In this way, we are 
able to calculate AFDW in our mini-pond raceway experiments. We can also correlate AFDW with cell 
counts for estimated AFDW in our smaller flask experiments. In a fully integrated process at industrial 
scale, we do not foresee the separation of plant substrate from algae will be required for processing to 
fuels or products. We agree with the reviewers that results at small scales need to be validated at larger 
scale in outdoor conditions; LEAF is examining growth of algae with plant substrates at multiple scales, 
including 50-L mini-pond raceways in a greenhouse and in 700-L outdoor raceways with our industry 
partners. Our preliminary TEA, which included biomass (crop) logistics, is also our validation that this 
technology could indeed impact biomass selling price at large scales. Integral to this research effort is the 
exploration of carbon utilization of alternative carbon substrates, such as plants and plant waste, by 
several algae strains. We share the reviewers’ enthusiasm for understanding algal biology. Our future 
work will tease out the mechanisms of plant substrate utilization in these strains and should also shed 
light on the role of the algal microbiome in these processes. Although our work with some strains, such 
as Nannochloropsis sp., indicates the microbiome is not required for plant substrate utilization, this 
population does appear to enhance accessibility to these substrates 
(https://doi.org/10.1016/j.algal.2020.102041). This will be explored with future microbiome and 13C 
studies within the LEAF project. We see the potential to identify key bacterial members of the 
microbiome, which could be employed as a probiotic in the culturing of other algae strains on alternative 
carbon substrates in which this utilization is currently not observed. We will continue to apply the tools 
that this project is developing, such as scanning electron microscopy of plant substrate after algae growth 
and cultivation of algae with plant substrates at multiple scales. The U.S. Forest Service is an agency of 
the U.S. Department of Agriculture and has been an active team member in the LEAF project, 
performing scanning electron microscopy and analyzing plant structure and sugar content after algae 
growth. Our published manuscript in 2020 reports in detail the structural and sugar content changes of 
plant substrate after growth with Nannochloropsis sp. at multiple scales 
(https://doi.org/10.1016/j.algal.2020.102041). We will continue this methodology with other strains.   

  

https://doi.org/10.1016/j.algal.2020.102041
https://doi.org/10.1016/j.algal.2020.102041
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ATTACHED PERIPHYTIC ALGAE PRODUCTION AND ANALYSIS 
Sandia National Laboratories 

PROJECT DESCRIPTION 
The objective of the Attached Periphytic Algae 
Polyculture project is to establish the technical and 
economic feasibility of achieving and scaling high 
and reliable production of attached algae biomass 
using fresh and estuarine/marine surface waterways 
without supplemental CO2 and nutrients. We are 
working to improve the biomass yield in polyculture 
“algal turf” production by culture seeding and systems optimization in environmental simulation flow-ways at 
Sandia’s Algae Testbed Facility. We are performing algae polyculture sample characterization and processing, 
and GIS resource scoping assessment to identify potential sites for deployment of single-pass or recirculating 
operations coupled to compromised surface waters or treated water outfalls to allow aggregated scale-up to 
meet BETO MYPP targets. We have successfully achieved monthlong production performance of >24 
g/m2/day with ash content <25% dry weight by seeding filamentous periphyton in a controlled environment in 
30-ft-long flow-ways, for comparison with experimental results and machine-learning models obtained from 
coastal estuarine/marine testing (Corpus Christi, Texas, and Savannah River, Georgia) and inland fresh 
riverine (Alamo River, Brawley, California) outdoor deployments. We are testing systems engineering 
improvements to the general “Algae Turf Scrubber” technology format, including a channeled flow-way 
prototype for extending flow rate and nutrient concentration regimes, and automated harvesting for minimizing 
biomass loss and costs associated with harvesting, which is a dominant operating expense for the system. 
Furthermore, we are characterizing and supplying periphytic algae biomass to support conversion testing and 
evaluation at increasing scales, in shared scope with Sandia National Laboratories and Pacific Northwest 
National Laboratory (PNNL) AOPs to assess the potential for efficient and cost-effective production of fuels 
and bioproducts from attached algae biomass. Finally, we are conducting and updating end-to-end TEA, LCA, 
GIS resource scoping assessment, and concept of operations and logistics (CONOPS/Logistics) analyses in 
collaboration from Colorado State University to evaluate the ecosystem service benefits of impaired surface 
water treatment using algae, including harmful algae bloom prevention by nutrient interception. 

 

WBS: 1.3.2.130 
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Photo courtesy of Sandia National Laboratories  

COMMENTS 
• A lot of people were involved in this project, with many collaborators, but it isn’t clear who is doing 

what and how data are shared amongst the group. It would have been helpful to see roles and 
responsibilities more defined. No risk mitigation is described. This represents an interesting method for 
bloom mitigation, which is anticipated to become more of an economic problem than it already is due to 
climate change. Bioprospecting in the 16S results could have useful information. Applications for low-
grade heat from cooling water returns, mitigation of algal bloom and zebra mussel/other invasive species 
overgrowth, pollution control, and remediation have direct and obvious uses. Productivity was relatively 
high given that the strains are not manipulated strains. It’s interesting that tourism was a major driver of 
the TEA in traditional waste control systems, but in the decentral–conservative instance, technology is a 
higher driver. 

• The goal of the project is to demonstrate the ability of attached periphytic algae polyculture to 
simultaneously achieve 24 g/m2/day and <25% ash using compromised surface waters. Success in the 
work will result in algae biomass costs of less than $50/ton AFDW. This is a novel approach to low-cost 
production of algal biomass. This is of clear relevance to the BETO mission and MYPP milestones. The 
team has a clear management plan with well-defined task structure and leads leveraging team expertise 
and previous experiences. The team has a good mix of academic and industrial partners. The project did 
not address risks and mitigation strategies. The team management demonstrates a well-established 
channel of communication and collaboration amongst team members. Progress has been made 
previously on understanding the impact of the environment on periphytic algal biomass composition and 
has generated data to drive the TEA. The approach is to deploy fields and pilot test beds to determine 
biomass productivity and composition and identify periphytic cohorts that sustain increased biomass 
productivity and low ash content. This approach is reasonable. The team has successfully established 
biomass productivities in marine/estuarine and riverine source water. Values of 4–10 g/m2/day and >50% 
ash were achieved in pilot-scale outdoor systems. Values of >24 g/m2/day and 20%–25% ash were 
achieved in environmentally controlled pilot-scale cultivation using inoculation strategies that include 
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polycultures. Outdoor validation of this strategy is critical for success with the risk that the polyculture 
may not thrive or may be overtaken. The team is also deploying a new harvest strategy with a potential 
to increase biomass yield. Significant progress has been made and successful deployment of this 
technology will decrease the cost of algae biomass production and CO2. 

• The goal of this project is to demonstrate the ability of attached algae cultivation to achieve 24 g/m2/day 
biomass productivity with <25% ash. The team and management approach described are appropriate for 
this project. The presentation did not provide a description of progress to be achieved through tasks, 
milestones, and go/no-go decision points, providing an inadequate assessment of progress for the project. 
The presentation would have benefited from a discussion of risks and mitigation strategies. The approach 
is to develop periphytic algae mats, characterizing their composition and productivity; quantify water 
source impacts and produce biomass; and conduct sustainability and economic modeling. The use of 
attached algal mats is unique in the BETO program and viewed as a very practical approach to biomass 
production. Impacts of the technology development were adequately explained, along with impacts to 
BETO’s targets and goals. The team has demonstrated algal turf systems in various locations. Although 
the systems are capable of producing at target levels under simulated conditions, in multiyear pilot-scale 
outdoor conditions, the productivities are 4–10 g/m2/d with >50% ash content. TEAs/LCAs are very 
positive in the use of turf biomass through an HTL process even at very high ash content. It is not clear 
how the project will improve productivity and ash content under outdoor conditions in future work. The 
presentation can be enhanced by providing a quantitative assessment of milestones achieved and future 
work to be developed. 

• The project and its approach are novel and will be informative. The original application of turf scrubbers 
and algae troughs is almost entirely in the areas of environmental cleanup and remediation. Even there, 
they remain rather limited in application and efficiency. A possible fundamental limit in the data 
presented and the subsequent analysis involves the achieved growth rate of 24 g/m2/day. It is unclear 
what surface area was used for calculation. Most turf scrubbers are modest in scale and are not 
equivalent surface area representations when compared to pond surface areas. The commercial viability 
of a 5,000-acre system of turf scrubbers seems unreasonable, as does the footprint of the system needed 
to prevent the algae fouling of Lake Erie. The possible application of algae to treat wastewater has long 
been appreciated. In general, practical applications have been limited due to better performing alternative 
methods of treatment, the scale of algae footprints needed to match treatment plant flow rates, and the 
disruption sensitivity of the algae when compared to other more stable treatment systems. All of these 
remain inherent to the application of algae as considered in this project, but without identification as 
risks and without mitigation strategies. Using algae with or as a part of a wastewater treatment system 
also requires co-location with a wastewater treatment plant, limiting the number of possible sites. 

• The team consists of many industry partners with a vested interest in sustainable water management. 
Collaboration with Algix shows clear ability to link environmental services with sustainable product 
development. The large number of participants seems difficult to manage but roles and responsibilities 
seem clearly defined by deliverables. The risks associated with deployment in rugged environments with 
minimal support infrastructure seems well understood, but mitigation of this risk or technical solutions 
do not seem to be described. The quality of the biomass generated by this method would always present 
challenges for fuel use. Displacing fuel use by generating plastic alternatives is a practical and bright 
solution that is well aligned with BETO goals and real industry pull. Plan to establish contamination 
interception potential of polyculture based on mass balances seems to answer critical questions at an 
appropriate level of depth. Future investigations of the microbial community dynamics driving metal 
accumulation would be an interesting focus for future work in optimizing environmental service 
potential of the technology. Pairing environmental services with algae biomass production seems to be 
the most appropriate use of algae technology at this time. Approaching the challenge of harmful algal 
blooms means that this technology could be potentially impactful in rehabilitating and protecting this 
country’s most precious freshwater resources. This outcome is more impactful than any fuel product 
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development that has occurred as part of any AAS efforts. It appears that ash content is still a quality 
problem for many uses of this biomass. Regional inconsistencies of this material will also continue to 
challenge its potential as a fuel feedstock. Focus on improved bioremediation aspects of this technology 
seems appropriate for the current deployment landscape. 

PI RESPONSE TO REVIEWER COMMENTS 
• The presenter and full project team would like to thank the reviewers for their thoughtful evaluation of 

this effort. The primary concern about the presentation of the material was that the risks and mitigation 
points were not thoroughly conveyed. The risks were specifically discussed in Section 2 – Approach 
(slide 6); however, we understand that these should have been better demarcated among the presentation 
materials. To summarize, since this project included significant efforts on field deployments in 
remote/austere environments, the major risks include those arising from lack of physical security at the 
deployment sites (potentially resulting in equipment theft, vandalism), difficulties for consistent biomass 
logistics (potentially resulting in variable biomass quality assessment), and potential for environmental 
safety and health risks from source waters laden with runoff. These risks were mitigated by including 
multiple levels of deployment-local operations and management support, including algae subject matter 
experts for each site, to efficiently support systems operation and data collection/verification, 
respectively. The other technical concern is that the results from the seeded cultures in environmentally 
simulated (test bed) cultivation, which were found to provide improved productivity and ash reduction, 
may not be stable in outdoor settings. It is our intent to validate our test bed findings in future work at the 
field sites and determine any potential added costs and related trade-offs for culture seeding and 
maintenance. 
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INTEGRATING AN INDUSTRIAL SOURCE AND COMMERCIAL ALGAE 
FARM WITH INNOVATIVE CO2 TRANSFER MEMBRANE AND 
IMPROVED STRAIN TECHNOLOGIES 
Colorado State University 

PROJECT DESCRIPTION 
Increasing the efficiency at which inorganic carbon 
can be delivered to cultivations and the rate at which 
algae can consume inorganic carbon are critical 
strategies for meeting BETO’s productivity goals. 
The overall goal of this project is to demonstrate 
increased carbon utilization efficiency and areal 
productivity through enhanced delivery of inorganic 
carbon and improved strains of Nannochloropsis oceanica capable of higher rates of bicarbonate uptake and 
metabolism. Membrane modules containing immobilized, engineered carbonic anhydrase are used to transform 
gas-phase CO2 into aqueous-phase bicarbonate. The effluent from this module contains high levels of 
inorganic carbon that are delivered to the algal pond at locations and rates guided by a detailed model of 
mixing, chemical speciation, and algal consumption. Since algal strains did not evolve in environments with 
high bicarbonate levels, we are using complementary approaches to develop N. oceanica strains capable of 
increased rates of bicarbonate uptake and metabolism. These new strains will be characterized in detail so the 
strategy can be developed further and transferred to other algal species. The combined strategies of improved 
inorganic carbon delivery will result in at least 25% higher carbon utilization efficiency, an areal productivity 
increase of at least 20%, and a cost savings resulting from increased carbon utilization efficiency. 

 

WBS: 1.3.2.400 
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Photo courtesy of Colorado State University 

COMMENTS 
• Goal of novel membrane design is clearly stated. Collaborations and communications are defined. Risk 

management is straightforward. Task allocation is also clear. Putting a membrane on a substrate is 
certainly doable, and the protein engineering strategy looks promising. Trying many different carbonic 
anhydrases to find one that will be more stable in the conditions where it will be used is a favorable 
approach. This really needs to be tested outdoors. It would be good to see how the idea for membrane 
conjugation was developed as opposed to attaching the carbonic anhydrase to different kinds of scrubber 
tower packing media, ceramic beads, etc. Stable sequences were identified, attached to a membrane, and 
definitely seem to work. Milestones for flux and growth rates were achieved in bioreactors, and it’s good 
to see carbon flow diagrams to figure out the best place to put the system in a raceway. Some cycling 
and reuse studies are definitely needed. It would be good to see if a membrane is really the way to go, 
and a study of the many other substrates that have more surface area per footprint, porosity, etc., that can 
be optimized the same way a smokestack scrubber and still packing materials are. Also, fouling and 
bacterial contamination need to be considered, as some critters will try to use the enzyme as a carbon 
source. The membrane will need to be cleaned without losing the metal coordination, which could be 
tricky, and is not as simple as washing it in caustic. 

• The aim of the project is to increase carbon utilization efficiency by using an enzymatic membrane 
transfer system. The team and management plan described are appropriate for this project. The risks and 
mitigation strategies are clearly delineated for this project through a thorough discussion of critical 
success factors, challenges, and mitigating strategies. Progress was described through tasks, milestones 
and go/no-go decision points, providing an adequate assessment of progress for the project. The 
approach incorporates development of a novel carbonic anhydrase membrane that will enhance CO2 
dissolution into bicarbonate, strain improvements to enhance bicarbonate uptake, and deployment to the 
field with TEAs and LCAs. The approach is unique within the program and novel. Impacts of carbon 
losses and utilization efficiency were explained, along with impacts of higher productivities to the BETO 
goals. The team has identified active variants of carbonic anhydrase and a lab-scale membrane has been 
developed. A Nannochloropsis oceanica strain has been developed with increased carbon uptake 
capabilities at elevated CO2 conditions. The team is modeling pond dynamics in CO2 delivery and a 



2021 PROJECT PEER REVIEW 

 

71 ADVANCED ALGAL SYSTEMS 

carbon tracking system for the ponds has been developed. The presentation can be enhanced by more 
details on the molecular engineering approaches used and the carbon tracking system for ponds. The 
project is meeting all of its milestones to date. 

• The management team seems well suited for collaboration and exchange of materials. The risk 
mitigation strategy is not clearly defined and therefore difficult to assess. The involvement of New 
Belgium as a partner allows access to real CO2 waste streams and ensures that work products will be 
focused on application. The project structure based on clear, defined tasks followed by time dedicated to 
integration seems logical and facilitates risk mitigation well, with parallel and alternative efforts clearly 
defined. Integrating immobilized, engineered enzymes into a membrane seems like a sound solution for 
utilizing carbonic anhydrase to capture CO2. Use of CO2 storage demonstrates clear understanding of 
mechanical and biological interfaces and how to optimize that integration. Fluid dynamic models are not 
novel but do appear to capture critical information required to validate this system. Real profit-driven 
industrial partners make this work more impactful and likely to be used at a meaningful scale. Carbonic 
anhydrase improvements appear impactful, but more work will need to be done to achieve greater 
salinity and alkalinity tolerance for use as imagined. Baseline growth rates and CO2 utilization 
efficiencies were not reported as defined metrics for this review, so it is difficult to compare the impact 
of this work to other work done in the portfolio. In the same way, improvements in enzyme activity and 
strain performance were not described in detail that included units, so it is difficult to measure the impact 
of reported progress. The stability of new proteins and constructs used seems unclear. Models seemed to 
be used to drive decisions in productive ways instead of simply scaling assumptions from the bench scale 
to the nth-plant scale, and this will increase odds of project success. This project appears to be leading to 
an actual integrated system with commercial partners. 

• This project addresses three critical areas that currently limit the viability of commercializing algae 
production at cost-effective, commercial scale. The first is to eliminate reliance on commercial CO2, the 
second is to eliminate the requirement to co-locate the algae production alongside sources of available 
CO2, and the third is allowing the use of any viable algae strain with commercial potential without worry 
of overly restrictive or disqualifying pH and other important media criteria. The materials presented 
show meaningful progress toward achieving project goals and remain aligned with the end-of-project 
milestone. COVID delays have been accommodated, and the balance of available schedule will afford 
the team the opportunity to move ahead with next steps for final evaluations and conclusions. 

• This project focuses on increasing carbon utilization efficiency and biomass productivity through 
development and application of a novel enzymatic membrane transfer system and an engineered strain of 
Nannochloropsis oceanica that will increase carbon utilization efficiency by 25% and productivity by 
20%. This project is in line with BETO milestones of developing an improved CO2 utilization platform. 
The team has a clear management plan with a well-defined task structure leveraging expertise of team 
members. The team did not identify risk and mitigation strategies. Established channels of 
communication and collaboration amongst team members are outlined. The multiprong approach 
includes: (1) developing a membrane system for efficient transfer of CO2 to water using engineered 
carbonic anhydrase with improved tolerance at pH <7; (2) engineering N. oceanica for enhanced carbon 
uptake; and (3) system integration, deployment, and validation using modelling, CO2 monitoring and 
control, TEA, and LCA. The approach is ambitious but has a high potential for success given the team 
expertise, task structure, and management plan. The team has made significant progress toward their 
goals. They identified a highly active carbonic anhydrase variant with pH tolerance for pH < 7 and 
developed lab-scale membrane modules with milestone flux. They engineered a carbon concentrating 
mechanism mutant that demonstrated 29% increase in specific growth rate over the wild type at elevated 
CO2 conditions. Some clarity is needed on conditions used to test the new strain, as it is critical that 
testing should be done at outdoor-simulated conditions. Outdoor testing of the integrated system will be 
critical to demonstrate success of the project. The team should address risk and cost involved in scale-up 
and maintenance of the membrane systems.   
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PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their thoughtful comments and suggestions. Regarding improvements in 

enzyme activity, data were presented on slide 22 of the presentation. Activity is shown as values of the 
rate parameter, kcat, with larger values being better. As an example of the improvement provided by 
some new enzyme variants, the kcat of variant E3 was >30 times that of the baseline bovine carbonic 
anhydrase at pH 6.3 and 35 ppt salinity. Nearly all of the suggested actions are on our road map for the 
final year of this project.
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ENHANCED ALGAL PRODUCTION OF CARBONIC ANHYDRASE FOR 
IMPROVED ATMOSPHERIC DELIVERY OF CO2 TO PONDS 
J. Craig Venter Institute 

PROJECT DESCRIPTION 
Advanced algal cultivation and processing systems 
currently require access to a concentrated CO2 source 
such as flue gas to support high productivity. The 
overall goal of this project is to develop a set of 
technologies that would enable high-productivity, 
open-pond systems to economically operate solely on 
CO2 directly absorbed from the atmosphere during 
cultivation. This will be accomplished through integration of a suite of technologies that each accelerate the 
rate of absorption and associated productivity. These technologies include implementation of wave mixing to 
increase mass transfer, use of new strains adapted to high-pH conditions, incorporation of detailed information 
on carbon uptake to adjust cultivation conditions, and development of genetic tools and genetically engineered 
strains to decorate the surface of the algae with carbonic anhydrase or enable secretion of carbonic anhydrase 
by the algae. During this project, the objectives are to demonstrate 50% of the CO2 needed for cultivation in 
the open raceway system can be obtained solely from the atmosphere, and to demonstrate that the genetic tools 
can double the absorption rate in laboratory cultivation, so that a path is identified to attain the final 50%. 

 

COMMENTS 
• Roles and responsibilities are well defined. Risk management is fairly straightforward. Communication 

details are great—data sharing method as well as meeting communications. It would have been helpful to 
see more here about how the carbonic anhydrase sequence was chosen and how it was decided to be used 
as-is—some sort of stability analysis. Regardless, it is an interesting strategy to advance DAC. There is a 
clear connection between approach and outcomes. Licensing and commercialization strategies are high 
quality. The milestones for productivity have been exceeded. There is concern that this cannot be done 
outdoors for very long as bacteria are going to use the secreted protein as a carbon source and that will 

WBS: 1.3.2.402 

Presenter(s): Andrew Allen 

Project Start Date: 06/01/2019 

Planned Project End Date: 06/30/2022 

Total DOE Funding: $2,500,175 
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be the end of it. Even at high pH there are plenty of bacterial contaminants that don’t care. It will be 
metal limited to some extent as all carbonic anhydrases need a metal center. 

• The details of the team’s approach to transgenic line creation are not thoroughly explained and difficult 
to assess. It is difficult to tell how work done by Global Algae Innovations (GAI) developing small 
raceway ponds and testing mixing can be distinguished from similar work done in other projects. Media 
optimization work is not well described. Testing of commercially available carbonic anhydrase to 
accelerate CO2 absorption also seems similar to work already done by this team. Using deflated growth 
rates of 6 g/m2/day as a baseline and 12 g/m2/day as a final target reduces the impact of this work when 
this organism is described to have a growth rate of 30 g/m2/day under optimal conditions. Exceeding this 
goal shows that there is potential to integrate this technology for greater overall impact in the future. 
Cell-driven carbonic anhydrase production has been a long-standing target for many teams. 
Understanding carbon capture mechanisms could be impactful to the industry. Assays for monitoring 
CO2 absorption from carbonate are not novel, and this approach does not seem to improve the state of 
the art. Transgenic lines expressing carbonic anhydrase were developed and project goals have been 
achieved. The team plans to set new goals, demonstrating a commitment to project outcomes and 
bringing useable technology to fruition. 

• The goal is to develop a system that achieves 12-g/m2/day algal biomass productivity using atmospheric 
carbon dioxide. The team and management plan described are appropriate for this project. The risks and 
mitigation strategies are clearly delineated for this project through a thorough discussion of critical 
success factors, challenges, and mitigating strategies. Progress was described through tasks, milestones 
and go/no-go decision points, providing an adequate assessment of progress for the project. The 
approach taken by the team is innovative, developing transgenic lines of Picochlorum tricornutum to 
produce carbonic anhydrase. These are then evaluated for productivity performance. The team has 
achieved the productivity targets using direct air as a sole source of CO2. Project impacts were described 
from technology development and deployment and advancement of BETO goals. The team has shown 
that external addition of carbonic anhydrase will accelerate CO2 dissolution from air that meets algae 
biomass productivity targets. The team is now working on generating transgenic lines of algae that will 
express carbonic anhydrase in situ. The team has advanced its goal to achieve productivities of 22 
g/m2/day. 

• The project addresses a fundamental need for algae commercialization—the use of CO2 captured from 
the atmosphere directly into the media in a predictive and controlled manner. The project elaborates on 
the underlying chemistry necessary in the media and algae to facilitate DAC. As with other GAI 
presentations, conclusions are presented, and project goals are stated as achieved but without supporting 
data or analysis. 

• The project focuses on improving atmospheric delivery of CO2 in algal ponds with no impact on biomass 
productivity using a multipronged approach—optimizing and engineering strains with carbonic 
anhydrase as well as optimizing conditions and mixing levels in ponds. This has clear relevance to 
BETO mission and MYPP goals. If successful, this project will show a decrease in the cost of CO2 
capture and delivery. The team has a clear management plan with a well-defined task structure and leads 
leveraging team expertise and previous experiences. The team identified risks, outlined mitigation 
strategies, and established channels of communication and collaboration amongst team members. Their 
multipronged approach in combining strain engineering, media, and process optimization is innovative 
and has a high potential of successfully improving DAC for algal biomass growth and productivity. The 
team was successful integrating the GAI strain and process at high pH on atmospheric CO2 alone to 
achieve a productivity of 22 g/m2/day, exceeding their target of 12 g/m2/day. Testing was done in small 
raceways to mimic conditions of large ponds. The team should consider providing more clarity on the 
testing platform design and how this mini platform accounted for differences in mixing, light, and CO2 
profile in larger ponds. Overall, the team has made significant progress toward goals. 
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MULTI-PRONGED APPROACH OF IMPROVED BIOLOGICAL AND 
PHYSICOCHEMICAL SYSTEMS TO IMPROVING CARBON UTILIZATION 
BY CYANOBACTERIAL CULTURES 
Arizona State University 

PROJECT DESCRIPTION 
CO2 is emitted as a waste byproduct from numerous 
process industries, notably including energy 
generation and bioethanol production. At the same 
time, CO2 is also a key feedstock for advanced 
biofuel production by photosynthetic microbes, 
including genetically tractable cyanobacteria. Use of 
waste gas CO2 for advanced biofuel production 
presents an attractive mechanism for reducing CO2 emissions while simultaneously producing sustainable 
biofuels and bioproducts, examples of which are laurate (a fatty acid biofuel precursor) and methyl laurate (a 
drop-in biodiesel fuel). Despite the promise of this approach, poor rates and efficiencies of CO2 absorption into 
the culture medium along with suboptimal biological CO2 assimilation and fixation rates currently limit overall 
performance. To address this, we first increase rates of aqueous CO2 absorption by addition of biocompatible 
amine solvents and a nanobubble gas delivery system. Amine solvents react with CO2 as it enters the liquid, 
increasing its net solubility and thereby providing a significantly greater driving force for its absorption. 
Nanobubbles, meanwhile, reduce mass transfer resistance by greatly increasing the area for gas-liquid contact, 
as well as contact time between gases and liquids, supporting both faster and more complete transfer from gas 
to liquid. Rates of cellular uptake of dissolved inorganic carbon are increased through engineering of 
bicarbonate transport proteins for increased activity, while carbon fixation rates are increased by genetically 
“rewiring” cellular metabolism to increase the amount of CO2 utilized during both day and night. Actual 
fermentation effluent gases derived from a brewery are tested as real CO2 feedstock and performance in larger-
scale growth systems under outdoor conditions are demonstrated. Integrated TEAs and LCAs are used to guide 
our approach and assess its viability. Overall, the outcomes of this research are anticipated to demonstrate at 
least a 50% increase in CO2 utilization efficiency with improved advanced biofuel production under 
industrially relevant conditions. Outside the immediate scope of this project, the biomass may be converted to 
additional advanced biofuel by hydrothermal liquefaction, while valuable coproducts (natural or introduced) 
may also be extracted or synthesized to aid the overall economic viability of the process. This research is 
performed at Arizona State University by researchers on both the Tempe and Polytechnic (AzCATI) campuses, 
at Colorado State University, and at Nano Gas, Inc. 

WBS: 1.3.2.410 

Presenter(s): Wim Vermaas 
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Photo courtesy of Arizona State University 

COMMENTS 
• It is unclear why the challenge of measuring CO2 in the outlet was not addressed early in the project, 

even prior to it. This measurement is foundational to any work in this project. There appears to be no risk 
mitigation strategy generally in this project. The team does not seem aligned with any of the consortium 
partnerships that AzCATI has developed as part of the DISCOVR project and may be duplicating some 
efforts ongoing at Arizona State University. The inability to overcome the gas measurement challenges 
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raises concerns about the technical viability of the effort. None of the approaches or methods used seem 
in any way new or novel. This project seems a bit like reinventing the wheel. The inability to accurately 
quantify CO2 in the closed photobioreactor (PBR) system raises technical concerns. Baseline and target 
growth rates do not seem to be described in this work, but the small amount of cultivation data provided 
for best strains show growth rates well below the SOT. Use of amines in media may have potential to 
increase CO2 utilization efficiency. Effect of amine addition to media was qualified but not quantified, so 
it is difficult to determine efficacy of this strategy. Use of BG-11 instead of an outdoor optimized media 
(such as the DISCOVR media) shows a lack of transferability or plan to scale this technology beyond the 
bench scale. Advances in this research seem more likely if the team is willing to partner or consult with 
others in this area. It is not clear how this project met its go/no-go milestone of demonstrating a 25% 
increase in CO2 utilization if they could not accurately measure CO2 off-gassing from the system. It does 
not appear this challenge was overcome. The reported operating pressure of 100 psi is described as a 
source of energy cost savings. It is not clear how those savings are calculated or achieved, and the result 
seems counterintuitive given the general industry drive to reduce operating pressures as an energy saving 
measure. Nanobubble generation did not seem to result in improved growth rate and therefore does not 
seem to result in greater CO2 sequestration. Bicarbonate addition to media did not seem successful. 
Questions about the advantage of amine addition to media in diurnal light conditions appear to remain 
unanswered. The new strain does not seem more productive that the wild type. Strains were grown 
outdoors with reasonable productivity according to the team. All other outputs appear to be models of 
efforts with little application for future work in this project or for the industry generally. 

• Roles and responsibilities are clearly defined. It would have been helpful to see more about risk 
management, with risks and their mitigation strategies listed. Sparger design is definitely useful for 
improving the volumetric mass transfer coefficient (kLa) of the system; multipronged approaches are 
good, but there doesn’t seem to be a strong connection to TEA. It seems like something that should work 
really well in closed systems. Historically, though, when highly engineered strains are run outdoors, they 
don’t do well. It is unclear how the bubbler’s design affects the TEA. Productivity goals were not met, 
compared to baseline, which one would expect if sparging was the problem. There’s a limit to what can 
be overexpressed and metabolically manipulated in the acetyl-CoA pathway before the cyanobacteria 
become noncompetitive with other contaminants, especially outdoors. It’s unclear if sparging the media 
and feeding the media results in a perfusion type of culture system. It’s also unclear how long this can be 
run before more media has to be added. It’s unclear if this is a continuous process, or how this affects 
CapEx. 

• The aim of the project is to test both physical/physiochemical and biological approaches to enhance 
carbon utilization, determine which one(s) are best, and then combine them. The team and management 
approach described are appropriate for this project. The presentation did not provide a description of 
progress to be achieved through tasks, milestones and go/no-go decision points, providing an inadequate 
assessment of progress for the project. The presentation would have benefited from a discussion of risks 
and mitigation strategies. The approach incorporates a novel system that utilizes CO2 nanobubbles to 
introduce the gas into an amine bed to form carbamates, which deliver bicarbonate in solution due to 
their hydrolysis chemical equilibrium. The team will also improve the carbon transport and fixation 
mechanism in targeted cyanobacteria. They will take the best strains and integrate them with the CO2 
delivery system in outdoor PBR trials. The approach is novel and deemed viable. The amine/carbamate 
water chemistry and kinetics are crucial to the project and could be supported by kinetic modeling of the 
reactions to ensure that CO2 dissolution and delivery as bicarbonate will be realized at an enhanced rate. 
Impacts of the technology development were adequately explained, along with impacts to BETO’s 
targets and goals. The effort has shown that use of amines improves CO2 utilization by 25%. The 
nanobubble generation system enhances CO2 dissolution within the first 24 hours, but this is lost 
afterwards—an unexplained effect that will require modification of the nanobubble system. The addition 
of bicarbonate transporters to the strain was only partially effective. Adaptive evolution of a BiBPase 
overexpression strain that promotes carbon fixation is underway. Outdoor trial setup is underway. The 
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team is wrestling with CO2 uptake measurements. The team is developing Monte Carlo-based TEAs and 
LCAs that deal with uncertainty, which is seen as an excellent approach to remove bias from static 
inputs. 

• The goal of this project is to isolate a biofuel-producing Synechocystis strain with a 15% increase in 
growth rate at laboratory scale outdoor-simulated conditions and supplementing with CO2 from an 
industrial source. This project is of clear relevance to BETO mission and MYPP goals. The project 
performers seem to have a clear management plan while leveraging expertise from the different 
investigators. Risks involved in the execution of this project were not identified and mitigation strategies 
are not outlined. The team tested both physical/physicochemical and biological approaches to enhance 
carbon utilization in the context of scalable microalgal production. They demonstrated the use of amine 
solvents to improve CO2 mass transfer into liquid and improved CO2 utilization efficiency by 25% in 
biofuel-producing strain. This was done in laboratory conditions with continuous light that is not 
representative of outdoor testing. The team should provide some clarity for the difficulty in 
demonstrating amine advantage under diurnal conditions. Outdoor-simulated conditions are critical to 
demonstrating potential for success of this strategy outdoors. The strain engineered to have additional 
bicarbonate transporters did not show significant improvement over the baseline strain. Overexpression 
of BiBPase showed marginal growth improvement over baseline for the first 5 days. Overall, the team 
made progress in proposed work, but unfortunately, no significant improvement was demonstrated by 
the different approaches. 

• The project is designed to advance some of the understanding of CO2 utilization efficiency. This is 
acknowledged as challenging as well as being important for algae commercialization. It was difficult to 
gauge from the materials presented how the results were reflected in the LCA and TEA results, in part 
because baseline references were not presented. It is also difficult to gauge if any meaningful results 
have been achieved that can be used to advance BETO’s MYPP or other goals. The project goal can be 
considered or otherwise accepted as being achieved as some important mechanisms have been 
determined. This is consistent with the complexity of the subject matter. The end-of-project milestone 
and some other relevant milestones remain outstanding. 

PI RESPONSE TO REVIEWER COMMENTS 
We thank the reviewers for their careful evaluation. Below are comments that hopefully clarify some points: 

• Regarding difficulty in demonstrating the advantage of amine additions for CO2 utilization under diurnal 
conditions: As indicated in the quarterly report covering January 1 through March 31, 2021, we now are 
able to demonstrate a >25% increase in carbon utilization with amines under diurnal growth conditions. 
We are continuing to improve carbon utilization with different compounds that are able to react with CO2 
to form carbamates. 

• Regarding relevance to BETO’s MYPP and other goals: CO2 utilization is a key parameter for all algae 
cultivation. Our hope is that our work will help the entire algae community by outlining successful 
strategies to increase the CO2 utilization efficiency. 

• Regarding risks and mitigation: As the project evaluates the effectiveness of a number of different 
approaches, some individual approaches can be ineffective as long as other, independent approaches are 
effective. Ineffective approaches are inherent risks with a mitigation of discontinuation of that approach, 
after making sure that no potential/reasonable fixes have been overlooked and focus on successful ones. 
In this project, risks are very dispersed, and none of the risks by themselves will threaten the overall 
success of the project, which is to identify successful approaches toward increasing CO2 utilization 
efficiency by algal cultures. Indeed, some approaches are successful or have an excellent chance of 
becoming successful, and we focus on those. 
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• TEA and LCA: TEA/LCA work thus far has focused on cost-effectiveness and greenhouse gas reduction 
related to CO2 nanobubbles and fatty ester separation. Work is pivoting toward other new developments 
(e.g., amines) as new approaches and procedures are optimized toward the end of the project. 

• Progress in terms of milestones, etc.: All go/no-go decision points thus far, including a 25% increase in 
CO2 utilization efficiency under laboratory conditions, have been met. Most milestones have been met as 
well, with the remainder to be completed by the end of the project. As expected, some but not all 
approaches were successful, and the project currently focuses on those that are and those that we expect 
to be successful before the end of the project. 

• Reliably measuring CO2 utilization: We should emphasize that in this project we are able to reliably 
measure CO2 levels in appropriate gas streams. The issue raised in the presentation simply was one of 
compounding error bars—CO2 utilization is the difference between output from a culture and from a 
blank, and to establish CO2 utilization improvements one has to compare CO2 utilization from a control 
culture with that from an improved one. CO2 utilization from the blank, the control culture, and the 
improved culture all have their experimental errors, and errors compound. We have successfully 
minimized standard errors and can reliably measure 25% improvements in carbon utilization. However, it 
is more difficult to determine whether small improvements (e.g., 10%) are significant because of the 
compounding error required for CO2 utilization efficiency determinations. 

• Novelty of CO2 utilization efficiency approaches for algae cultivation: Several CO2 utilization 
enhancement approaches in our project are novel. In addition to the novel application of CO2 
nanobubbles to support cyanobacterial growth, there is very sparse literature on the use of non-
metabolized amines to enhance CO2 uptake by algae. Moreover, several of the metabolic and regulatory 
pathways that we have engineered have not been applied to larger scale, diurnally grown cultures before. 

• Providing CO2 in nanobubble form: To the best of our knowledge, CO2 nanobubbles have never been 
utilized in algae cultivation, and little is known about nanobubble properties and gas equilibration with 
the medium. Although a first approach of generating nanobubbles did not yield lasting improvement of 
biomass accumulation, CO2 nanobubble generation with two different instruments seems promising and 
will be tested with cyanobacterial cultures soon. 

• Integration with other BETO efforts at Arizona State University and elsewhere: AzCATI is looped in 
very well with ongoing BETO-supported algae cultivation efforts nationwide, and we are familiar with 
other algae efforts at Arizona State University, as group members are involved with these efforts; hence, 
synergies can be readily identified and made use of if they make sense. Note that this project is different 
in that it utilizes cyanobacteria rather than eukaryotic algae, and therefore there are some inherent 
differences, including the medium and pH used, relative to the DISCOVR project, for example. 
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MEMBRANE CARBONATION FOR 100% EFFICIENT DELIVERY OF 
INDUSTRIAL CO2 GASES 
Arizona State University 

PROJECT DESCRIPTION 
Microalgae are a promising platform for producing 
renewable transportation fuels and products in place 
of petroleum-based products. Increasing the carbon 
dioxide (CO2) concentration in gas supplied as a 
feedstock to grow microalgae can improve its 
productivity many fold over using atmospheric air. 
Many industrial gases contain concentrated CO2, but 
with widely varying CO2 concentrations (5%–80%) and accompanying gases. Traditional methods for 
delivering CO2 to microalgae include bubbling in the CO2, which is only 30%–50% efficient. Because 
collecting, cleaning, and distributing the CO2-bearing gases incur costs, CO2 delivery to the microalgae needs 
to be highly efficient. This project’s goal is to develop and demonstrate strategies for using membrane 
carbonation (MC) technology to deliver CO2 from industrial sources with 90% efficiency. In MC, CO2 is 
delivered inside straw-like hollow fibers that are submerged in an algae pond. The CO2 is pulled through the 
fibers into the pond as it is consumed and removed from the pond by the microalgae during photosynthesis, 
leaving behind other gases inside the fiber. For anaerobic digester-produced biogas, CO2 is removed leaving 
behind concentrated methane, which can be used as natural gas for generating electricity. MC will significantly 
reduce CO2 lost to the atmosphere compared to traditional bubbling, which will significantly reduce cost and 
emissions that contribute to climate change. 

 

WBS: 1.3.2.430 

Presenter(s): Bruce Rittmann 

Project Start Date: 10/01/2018 

Planned Project End Date: 12/31/2021 

Total DOE Funding: $2,490,971 
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Photo courtesy of Arizona State University 

COMMENTS 
• Project goals are clear, and risk management is defined. It would have been good to see more about 

roles, responsibilities, and communication here. New sparging techniques to improve kLa are definitely 
needed. It is especially good that the system is modular and continuous, which makes it amenable to 
implementation at various scales. Connection of approach to outcomes is very good, especially due to 
the varying scale of different biogas implementations. The commercialization potential is obvious, as it 
has been implemented in a municipal facility, which for all intents and purposes really is the commercial 
scale expected. Congratulations on the successful implementation in the municipal digester system. The 
increased productivity outdoors is an impressive accomplishment. Hollow-fiber membrane biofouling 
was not observed and hypothesized as a result of pH diffusion gradients; fouling due to flue gas 
particulate may become problematic, and TEA would be affected if additional filters are needed for this. 
Hollow fibers are getting a bit hard to find these days, so many manufacturers are moving to flat sheets. 
It’s easier to solvent-cast flat sheets than extrude fibers, and there are not many efficiencies of scale 
there. Biogas digesters are becoming more and more common, though; there are several local 
governments funding them and it would be great to have some economic offset. It may not be necessary 
to model a facility larger than an average size landfill; realistically, that’s the size to be aimed for. 
Between landfill and farm biogas, it seems like there would be many commercial applications for this. 

• The goal of the project is to demonstrate membrane carbonization using biogas and flue gas with >25% 
improvement in carbon utilization efficiency over sparging. The team and management plan described 
are appropriate for this project. The risks and mitigation strategies are clearly delineated for this project 
through a thorough discussion of critical success factors, challenges, and mitigating strategies. Progress 
was described through tasks, milestones and go/no-go decision points, providing an adequate assessment 
of progress for the project. The approach taken by the team includes abiotic and biotic evaluation of 
synthetic flue gas and biogas, outdoor cultivation, modeling to optimize experimental conditions, and 
TEA. The approach incorporates go/no-go at 21 months with metrics, which have been met or exceeded. 
Impacts were described with the technology development creating high increase in carbon utilization 
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efficiency, purification of biogas for methane, and cost savings. If successful, the project will increase 
the 2018 state-of-technology productivity over 10%. The team has made progress on all aspects of the 
technology development and testing and will be making a demonstration using anaerobic digestors at the 
Mesa Wastewater Treatment Plant using 25-m2 ponds. The discussion focused on a membrane fouling 
concern, which was addressed. Further concerns with sufficient availability of CO2 from the wastewater 
anaerobic digesters were not addressed. 

• The project is premised on addressing the very real challenges facing algae commercialization regarding 
the cost and quality of CO2 and the CO2 sources. The results presented demonstrate the technical 
viability of using membrane technologies to capture CO2 from waste streams for use in algal production. 
The availability of raw CO2 present in flue gases and in the off-gases generated by anaerobic digestion 
have been targeted as possible sources of CO2 for algae growth and potential commercial sites. The need 
to rely on these sources of raw gas in practical terms requires co-location with the generating facilities, 
or at the very least, in very close proximity. This requirement has a practical effect of severely limiting 
the number of locations that may be able to have the needed site requirements to accommodate a 5,000-
acre pond system and also have an existing or otherwise deployable CO2-generating facility. In the case 
of municipal wastewater gases generated from anaerobic digestion, there is already a beneficial reuse for 
many treatment facilities that derive power from these gases to offset other plant requirements. There are 
existing policy and environmental practices that encourage wastewater plants to use their anaerobically 
generated gases for these purposes. Algae facilities may be forced to otherwise compete for these types 
of gas sources. 

• The project team seems appropriately small and well suited to this task. Research seems focused on 
finding an application for the very good membrane diffuser. The most critical carbon capture component 
of the work seems only tangentially related to this membrane diffuser optimization. This membrane 
diffuser seems to be an advance over many currently used gas sparging systems. Other work done in 
association with this project seems to be less focused on by the project team and may result in little 
impact. This work does not seem to address the most challenging aspects of CO2 utilization. It appears 
that an off-the-shelf membrane has been optimized to replace traditional gas sparging units in algae 
cultivation. This was a deliverable for past work that has already been completed. It is not clear that this 
advance will result in lower production costs, and distribution and storage of CO2 are not addressed in 
current work. It appears that almost $2 million was spent on continuing this project with unclear 
distinction between past activities and current scope of work aside from demonstration at the Mesa 
Wastewater Treatment Plant. 

• This project focuses on increasing carbon transfer and utilization efficiencies by using membrane 
carbonation for 100% efficient delivery of industrial CO2 gases. This project supports the MYPP 
milestone of developing technologies for CO2 utilization that increase utilization efficiency of delivered 
CO2 by 25% over the 2019 baseline. If successful, the project will advance the SOT by providing an 
efficient way of delivering flue gas or biogas into biomass and selectively removing residual gases like 
methane for other applications and hence increasing the value of industrial gases. The team had a clear 
management plan with a well-defined task structure and leads leveraging team expertise and previous 
experience. They identified risk and outlined mitigation strategies. The team’s approach to initially 
evaluate a CO2 delivery approach for biotic and abiotic assessment at lab scale using a hollow-fiber 
membrane to optimize flux target followed by outdoor testing is reasonable. Hollow-fiber membranes 
are efficient but subject to fouling. The project did not address how fouling will be managed or the 
impact on cost. It’s not clear from the project if indoor testing was conducted in outdoor-simulated 
conditions, as this will impact CO2 utilization. The project tasks also included developing mathematical 
models to help guide design of the fiber module, as well as TEA and LCA to track supply and delivery 
cost of CO2. Overall, the team made significant progress toward the goals mapped out. Using membrane 
carbonation for CO2 delivery demonstrated an increase in carbon transfer efficiency and carbon 
utilization efficiency over sparging, enriched biogas effluent for CH4, and developed models and LCA. 
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Outdoor cultivation was done using 4.2-m2 raceways at AzCATI and demonstrated improved carbon 
transfer efficiency and carbon utilization efficiency. The team did not address the impact of their CO2 
delivery strategy on biomass productivity during outdoor testing. The team should consider addressing 
industrial deployment of the membrane system, as well as cleaning and maintenance of the membrane. 

PI RESPONSE TO REVIEWER COMMENTS 
• We kindly thank the reviewers for their time and feedback on this project.  

• Response to Reviewer 1 – Scope of work: We would like to clarify that MC technology is a bubble-free 
gas-transfer process; thus, MC is quite different than a diffuser, which still generates bubbles that can 
escape to the atmosphere with high CO2 losses. The scope of work in this project is focused on how to 
use MC to efficiently deliver CO2 from a wide range of industrial gases (see Table 1 below) such that it 
is utilized by the microalgae and captured into the biomass. This scope significantly expands on previous 
work that primarily evaluated MC technology for delivering highly concentrated (90%–100%) CO2. 

Table 1. Common Sources of Concentrated CO2 

CO2 Source Typical CO2 Percentage 

Power-plant flue gas 4–15 

Biomass combustion 15–35 

Biogas from anaerobic digestion 35–40 

Biogas from landfills 50 

Cement kiln 50 

Ethanol fermentation 80–100 

 

Reducing biomass Cost: To date, MC technology has been able to achieve carbon transfer efficiencies 
across the membrane into the bioreactor of 90%–100%, which is about threefold higher than sparging-
based methods and will have a significant impact on reducing costs for producing biomass, since CO2 is 
the most costly nutrient. Although distribution and storage are beyond the scope of this project, they are 
considered in techno-economic modeling to determine the cost savings at scale. It is worth noting that 
some wastewater treatment plants have on-site tanks for storing raw biogas until it is utilized for peak 
power generation or discharged using a flare, which could be diverted for cultivating microalgae during 
daylight hours.  

Carbon utilization: The project team has carefully conducted mass balances to determine carbon 
utilization efficiency in indoor (Task 3) and outdoor (Tasks 6–8) cultivation, including sparged control 
systems and more accurate methods for determining CO2 off-gassing in open ponds. These methods have 
revealed that off-gassing occurs below pH 8, and that such losses also occur during delivery with 
traditional sparging methods.  

• Response to Reviewer 2 – Fouling/maintenance: The hollow-fiber membranes have been operated for up 
to 6 weeks outdoors without requiring more than routine maintenance. They have been operated indoors 
for much longer times and without evidence of fouling except during a severe culture “crash.” Outdoors, 
we have utilized two levels of routine membrane maintenance: (1) Rinsing the membranes with tap 
water removed nearly all culture that had settled on to the membrane; the ability to easily wash off the 
culture showed that fouling was minimal and that the culture was most likely settling in the small 
raceways. (2) Bleaching: When a culture crashed (not related to CO2 delivery), the membranes were 
washed with bleach with the rest of the ponds. Bleach treatment showed no significant change in MC 
performance.  
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Membrane rupture: One concern is the potential for fibers to rupture. We have not observed membrane 
rupture in this project. Furthermore, when a fiber ruptures, the net flow of gas escaping the single fiber is 
extremely small relative to the total gas flow. Thus, many fibers would need to rupture to result in a net 
change in carbon utilization efficiency >1%. As part of the project, we also are evaluating the 
performance of the hollow-fiber membranes by tracking the flux during the culture performance by 
tracking the amount of CO2 transferred and the duration that CO2 transfer is occurring. This allows us to 
estimate the daily CO2 flux, which showed no change from the beginning to end of the experiments.  

Industrial deployment: This is addressed in responses to feedback from Reviewers 3 and 5. Key 
feasibility data will be achieved during upcoming trials at the City of Mesa’s Wastewater Treatment 
Plant using raw anaerobic digester biogas.  

Productivity: The critical element in optimizing the CO2 delivery strategy is to improve the carbon 
transfer and carbon utilization efficiencies of the delivered CO2. Optimizing the CO2 delivery strategy 
will not improve biomass productivity on its own. When considering the biomass productivity as it 
relates to CO2, the major driving force is the available CO2 in the medium, which is based upon the pH 
and alkalinity of the media, as well as the harvesting strategy; these factors are outside of the purview of 
this research, which is focused on MC.  

Indoor cultivation: The indoor cultivation work allows us to rapidly test various cultivation and CO2 
delivery parameters without the vicissitudes of weather and the extra costs of working at larger scale. We 
use the indoor results to set conditions for outdoor cultivation experiments. For example, (1) higher 
pressure indeed improved carbon transfer efficiency for flue gas, which was used to set pressures to 
greater than 15 psig for outdoor experiments; and (2) pH set points significantly influenced carbon 
transfer efficiency and carbon utilization efficiency, which we used to increase the pH set point (up to 
pH 7.9) for outdoor cultivation trials. While pH at 7 can promote growth rates, it leads to more CO2 off-
gassing.  

• Response to Reviewer 3 – Locations of concentrated CO2 suitable for on-site microalgal cultivation: 
While not every microalgae installation can be located near an industrial source of concentrated CO2, the 
wide variety of sources indicates important potential for finding a good source. Table 1 above 
summarizes the many types of CO2 sources and their typical CO2 percentages. Further, DAC systems 
that capture CO2 from air can further extend beyond these locations, which can produce a range of CO2 
concentrations, depending on cost.  

Biogas: For two reasons, particular attention should be paid to biogas. First, biogas is generated in many 
settings that are widespread across the United States (e.g., municipal wastewater treatment plants, 
concentrated animal feeding operations, dairies, and sanitary landfills). Second, biogas as a source of 
CO2 provides a double benefit: concentrated CO2 to improve microalgae productivity and biogas 
upgrading to biomethane. For this reason, our team is partnering with the City of Mesa to evaluate using 
biogas at one of the city’s wastewater treatment plants. This strategy is underscored by the comments of 
Reviewer 5. It is worth noting that although some wastewater treatment facilities utilize existing biogas 
for power generation, the high concentration of CO2 makes this process very inefficient. Utilizing the 
microalgae to remove the CO2 will significantly improve the quality of the residual biomethane for 
power generation or delivery as a renewable fuel. Thus, biogas-generating facilities will be able to 
comply with existing policies and better utilize their own gases.  

Sizing microalgae cultivation systems for utilizing CO2 from anaerobic digesters: A good question is 
about the size of a microalga operation that can be supplied by a source. Our team has evaluated this for 
the City of Mesa, with whom we are doing a field pilot at the city’s Northwest Water Reclamation Plant, 
which has anaerobic digesters. Those digesters produce approximately 6.8 × 107 standard cubic feet of 
biogas per year, and its CO2 content is 40%. That means that it produces about 2.7 × 107 standard cubic 
feet of CO2 per year. Assuming a conservative 80% CO2 capture into biomass, the algae biomass 
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production would be about 600,000 kg dry weight/year. At an average annual productivity of 20 g dry 
weight/m2/day, the required “wet area” would be about 21 acres, and the total area would be about 26 
acres. Treatment plants often have open land surrounding them, and the City of Mesa has a 27-acre site 
adjacent to the treatment plant; hence, the city is most interested in the results of our study. The 
Northwest Water Reclamation Plant serves a population of about 200,000 people. Per-capita 
normalization of the wet-area requirement gives about 10,000 people per acre of microalgae cultivation. 
Anaerobic digestion of animal wastes and food-processing wastes offer even greater potential to generate 
the double benefits of CO2 for microalgae and upgraded biomethane. The biogas potential from 
anaerobic digestion of animal wastes is approximately 55-fold larger than for anaerobic digestion at 
wastewater treatment facilities, and the potential is 19-fold greater for wastewater from food processing.  

• Response to Reviewer 4 – The concerns of this reviewer on sufficient availability of CO2 from 
wastewater anaerobic digester gas are addressed in the response to Reviewer 3.  

• Response to Reviewer 5 – Roles and responsibilities: The project team meets every 2 weeks and 
communicates regularly by email and Dropbox document sharing. Expanding on the roles indicated on 
slide 5 of the presentation, Bruce Rittmann is the principal investigator and is responsible for directing 
the overall project and ensuring the vision and goals remain the focus of the project. Justin Flory is the 
project manager and will help coordinate resources and facilitate communication between the team to 
ensure all resources are being utilized effectively to resolve issues and reduce project risks. Everett 
Eustance is in charge of outdoor cultivation work in coordination with John McGowen. Yen-Yung Lai is 
responsible for indoor abiotic and biotic experiments with support from Zoe Frias, and for conducting 
microbial community analysis in coordination with Rosa Krajmalnik-Brown. Michele Young is 
responsible for gas transfer modeling using COMSOL, building on previous work from Eustance using 
Excel-based models. Robert Stirling is responsible for techno-economic modeling, and Jason Quinn is 
responsible for life cycle modeling.  

Particulate fouling: In evaluating coal-based flue gas, particulate matter has the potential to cause fouling 
to the fibers. However, all power plants have methods to remove particulate matter that would be utilized 
prior to delivering the flue gas to the algae. This is a common practice in current slipstream operations at 
coal-based power plants.  

Commercialization: The existing work on this project uses hollow-fiber membranes that span a module 
that can be placed near the bottom of the raceway. Commercial systems deployed for delivering 
hydrogen gas in membrane biofilm reactors for water treatment applications use woven sheets of hollow 
fibers inside cylindrical modules. Similar woven sheets would enable delivery using flat sheets in a 
raceway and that may be worth evaluating for large-scale ponds. Our current technology-to-market 
activities are focused on assessing what a “first customer” scenario would look like in terms of supply 
contracts. Moving beyond these types of analysis to securing or manufacturing large volumes of hollow-
fiber membranes would require developing relationships with contract manufacturers and a significant 
entrepreneurial effort in sales, product design, installation, and support, all of which are beyond the 
scope of the current project. 
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CARBON UTILIZATION EFFICIENCY IN MARINE ALGAE BIOFUEL 
PRODUCTION SYSTEMS THROUGH LOSS MINIMIZATION AND 
CARBONATE CHEMISTRY MODIFICATION 
Duke University 

PROJECT DESCRIPTION 
High productivity and yields of microalgae grown in 
open-air raceway ponds for biofuel production 
require active inorganic carbon delivery to the water 
medium. In most research (and commercial) 
operations, this carbon is supplied in excess from 
external, often limiting CO2 sources. However, 
TEA/LCAs show that this approach can dramatically 
limit the broader application of algae-based biofuels. To address this gap, our team is using top biofuel algae 
strain candidates to (1) identify the minimum concentration of dissolved inorganic carbon (DIC) that can 
support baseline and target productivities and yields to improve CO2 use efficiency, (2) test the enhancement 
of productivity and yields of candidate algae by supplying “CO2” in the form of bicarbonate, (3) test a patented 
CO2-based conversion technology as an improved carbon source on open raceway ponds at an established 
algae facility, and (4) test this technology on scalable sources (waste streams) of CO2 using open raceway 
ponds. To date, we have made substantial progress on all of these goals and expect to transition to larger-scale 
trials in the coming period. 

 

WBS: 1.3.2.440 

Presenter(s): Zachary Johnson 

Project Start Date: 10/01/2018 

Planned Project End Date: 03/31/2023 

Total DOE Funding: $1,891,023 
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Photo courtesy of Duke University 

COMMENTS 
• Goals are clearly stated, and communications, including data sharing and task assignment, are well 

defined. It would have been helpful to see more about the project team’s roles and responsibilities. The 
mass balance seems counter to the funding agency goals; instead of removing CO2 from the air, this 
project will result in adding more CO2 to the air. Even assuming some can be recaptured, the end process 
will be inefficient and result in releasing more CO2 that is currently sequestered underground. The goal 
of being able to cultivate algae in areas where there is no flue gas, brewery waste carbonic acid, or other 
carbon capture technology in place is clearly tied to the research, but ideally this would be done via 
direct air capture, as opposed to feeding mined materials. This needs at least a plan to trial outdoors in 
open ponds; the diagram seems to indicate a closed system, which has serious consequences for the TEA 
if it cannot be run in raceways or open ponds. Although the need for flue gas has been decoupled, the 
effort is still coupled to brewery activities at the moment. 

• The aim of this project is to demonstrate enhanced algal growth with reduced CO2 requirement at scale. 
The team and management approach described are appropriate for this project. The presentation did not 
provide a description of progress to be achieved through tasks, milestones, and go/no-go decision points, 
providing an inadequate assessment of progress for the project. The presentation would have benefited 
from a discussion of risks and mitigation strategies. The approach was described based on four major 
tasks for strain assessment in high-alkalinity systems, CO2 conversion to bicarbonate using a CaCO3 
starting bed, demonstration of the system, and TEA/LCA modeling. The use of a carbonate bed to 
enhance CO2 dissolution into bicarbonate is innovative and unique. The presentation would have 
benefited from a more logical approach by discussing the water chemistry right away and how the 
carbonate bed catalyzes the dissolution of CO2, and then discussing what is known of strain stability 
under these conditions. The impacts discussion was limited to justifying the work. This can be enhanced 
through a broader discussion of CO2 sources envisioned and impacts on emissions, along with impacts to 
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the BETO and DOE goals in productivity enhancements, etc. Progress for the project is underway and 
appropriate, as it is at initial stages. The strain assessment is in process. The discussion would benefit 
from more specifics as to what strains are being looked at and extensiveness of the search. Water 
chemistry in a carbonate bed and a bicarbonate generation system are being developed, along with the 
collection of CO2 from brewery systems. They are modeling expected losses of CO2 in large-scale farms. 

• The goal of this project is to demonstrate enhanced algal growth with overall reduced CO2 requirement 
at an industrially relevant scale. If successful, the proposed work will have benefits to the algal industry 
and is well aligned with BETO mission and MYPP goals. The team outlined a management plan with a 
defined task structure and leads leveraging team expertise and previous experiences. They identified risk 
and outlined mitigation strategies, as well as established channels of communication and collaboration 
amongst team members. The team did not outline measurable goals. It’s not clear if the proposed work 
will result in an increase in biomass productivity over baseline using their strategy since algal strains did 
not evolve in environments with high DIC levels. Their approach of assessing strains that require low 
CO2 for growth, growth enhancement on high-DIC waters, and developing CO2 conversion process to 
DIC is reasonable. However, the team should consider providing clarity on how strains will be selected 
and if selected strains grown on low pCO2 will demonstrate similar or higher biomass productivity 
compared to current SOT. The team should address how they intend to promote CO2-limestone contact 
to increase dissolution kinetics at scale using brewery wastewater, and if this will be a stand-alone 
system or integrated with a pond. The team should also consider outdoor testing to validate the proposed 
integrated process. Overall, progress has been made toward the outlined goals, but there is still some 
work to do to meet the end-of-project milestone. 

• The need for collaboration with both B&D Engineering and Bucknell University in TEA and LCA tasks 
does not seem clear. The approach of splitting this work among institutions seems to present unmitigated 
risk of model discontinuity. The lack of commercial partnerships in the project seems to limit the work to 
an academic exercise. The use of limestone with high dissolved organic carbon in media seems to be an 
approach unique to this project. Even knowing that the team’s LCA model validates this approach, it is 
conceptually difficult to embrace the active volatilization of sequestered carbon proposed as a 
component of a carbon capture and utilization strategy. An independent third-party assessment of this 
technology compared to other state-of-the-art design concepts may be especially useful in this case to 
help ameliorate this concern. Finding optimal partial pressure for CO2 uptake may have impacts for 
bioreactor design and help pair strains with changeable reactor conditions. nth-plant assumptions are 
typically less impactful than those developed with commercial production partners. TEA and LCA 
models developed in this project do not seem to directly integrate with models developed by the national 
labs or be aligned with commercial partner expectations with any product specificity. Modeling based on 
existing facilities or with a specific product target adds impact to these results. Baseline growth rates and 
CO2 utilization efficiencies were not reported as defined metrics for this review, so it is difficult to 
compare the impact of this work to other work done in the portfolio. The only results of this work appear 
to be models based on benchtop experiments. Plans for construction of a pilot-scale converter for use in a 
100-L raceway pond seem unclear. It does not appear that there is any plan to work with algae in this 
system during the project’s period of performance. End-of-project milestones seem to lack clear metrics 
but do not appear close to being met by September 30, 2021. 

• The project presentation provides nice detail and supporting information that documents their 
achievements and progress toward project goals and end-of-project milestones. It is not clear if practical 
strains were tested in high-DIC media. Additionally, much of the experimentation was conducted using 
limestone as a generator for DIC without the practicality of using limestone for the same purpose at any 
relevant commercial scale. The implied outcome still requires some co-located industrial source for 
reliance of CO2 or CO2 conversion. The project clearly achieves many of its goals, but additional work is 
likely needed to achieve the end-of-project milestone demonstrating enhanced algal growth on high-DIC 
water at an industrially relevant scale. 
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PI RESPONSE TO REVIEWER COMMENTS 
• Comment 1: Dr. Beal and Professor Sills have been co-authors on seven peer-reviewed manuscripts over 

the span of 6 years. Although working across institutions can present challenges, this risk is managed 
overall. A private company is part of our team, and overall, the project is an investigation of a 
commercially promising system to grow algae. This project does not involve carbon capture. The use of 
CaCO3 was proposed because it’s cheaper than conventional CO2. Every carbon source has different 
LCA implications. The fossil carbon contained in CaCO3 that is used to grow algae and eventually 
released during combustion/metabolism is included in our LCA. We are currently working on TEA/LCA 
that will directly compare the impacts of a range of carbon sources (e.g., power plant flue gas, pure CO2 
flue gas, enhanced oil recovery pipeline CO2, bottled chemical plant CO2, limestone) and energy sources 
(e.g., grid, solar, wind), and intend to publish the results by 2022. (Note that our proposal reports the 
greenhouse gas impact for this system to be 3.2 kg CO2e/kg algae, which is huge—about 10 times more 
than soybeans. The fossil carbon from CaCO3 was the largest source of these emissions. However, we 
also assumed brewery CO2 with no LCA impact for half of the carbon, and our baseline case assumed 
fossil carbon from a pipeline, which was even worse. Using flue gas or DAC carbon would be lower in 
greenhouse gases). The referenced manuscript in preparation will address concerns about transparency 
and be reviewed by multiple “third parties” (i.e., reviewers), similar to our publications. The national labs 
have developed numerous TEA/LCA models for algal biofuels, spanning a huge range of cultivation 
conditions, conversion methods, and upgrading processes to produce a range of fungible fuels in a variety 
of scenarios. However, several of the NREL algae models are actually partially based on our models, 
such as Clippinger and Davis’s Techno-Economic Analysis for the Production of Algal Biomass via 
Closed Photobioreactors and Davis et al.’s Process Design and Economics for the Production of Algal 
Biomass. Modeling a lab facility can be useful for informing commercial models, but yields results that 
are not representative of commercial production. The specific product that we are targeting is high-
quality algal biomass for fuels and feeds. We are on track to meet our milestones by September 2021.  

• Comment 2: Both (1) identification of strains that grow on low pCO2 and (2) enhancement of growth on 
high-DIC waters were identified as goals in the presentation. The presentation included preliminary 
results and progress on both milestones (slides 6 and 7). All strains tested were downselected from 
promising biofuel candidate strains identified by us and other groups (e.g., DISCOVR). Thank you for 
the additional comments on CO2 conversion. We are actively pursuing approaches to optimize this 
system for integration with commercial-scale CO2 sources (e.g., brewery).  

• Comment 3: We agree that the bulk of our experiments to date have been at laboratory scale. This is by 
design—to develop and refine the process, then scale up in the second half of the project to demonstrate 
the process at a commercially relevant scale. This approach was taken to minimize risk.  

• Comment 4: As above, milestones were specifically articulated in the presentation. We agree that we did 
not go into the specifics of strains or water chemistry in the presentation—there simply was not enough 
time to detail the list of strains, each of their specifics, and so on. We look forward to discussing the 
details of these results at future meetings or in publications.  

• Comment 5: Thank you for the comments—team member roles were described in slide 3 under 
management/structure. The goal of this FOA was to utilize carbon more efficiently and grow algae with 
higher productivity. In this project, we are not using DAC or other approaches to minimize the carbon 
footprint. In another project, we are specifically addressing the use of DAC in combination with 
carbonate/bicarbonate conversion. Our initial results suggest that this will indeed reduce the overall use 
of fossil carbon. Outdoor tests will be done using raceway-style open ponds to ensure translation of 
results to large-scale facilities. 
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AIR CARBON FOR ALGAE PRODUCTION (AIRCAP) 
MicroBio Engineering Inc. 

PROJECT DESCRIPTION 
The goal of this project is to eliminate the need to co-
locate algal cultivation facilities with concentrated 
sources of CO2, such as power plant flue gases, by 
identifying strains that take advantage of the increase 
in air-CO2 flux at high pH, thereby increasing the 
resource potential for production of algal fuels over 
tenfold. Abiotic mass-transfer rates were measured in 
1-acre and 3.4-m2 raceway ponds to identify the pH at which the air-CO2 in-gassing rate can support high rates 
of algal growth. Chemically enhanced air-CO2 rates approached 10 g C/m2-day at pH 12 in the brackish water 
tested, equivalent to a biomass productivity near 21 g AFDW/m2-day (at 0.47 g C/g AFDW). The mass-
transfer rate was found to be nearly independent of the mass-transfer coefficient, indicating that at turbulence 
levels achievable in typical raceway ponds, the system is reaction-rate-limited, rather than diffusion-limited. 
Twenty-eight culture collection strains, as well as two bioprospected isolates, were screened for growth 
performance under alkali conditions, with Cyanobacterium SSL1 selected for optimization. An alkalinity of 
80–200 mEq/L was found to avoid both bicarbonate limitation and sodium stress when grown at high pH. 
When tested in outdoor raceway ponds in late summer conditions, biomass productivity attributed to air-CO2 
exchanged measured 11–12.5 g AFDW/m2-day. A TEA and LCA found that alkalinity additions, required to 
increase bio-available inorganic carbon at elevated pH, offset the elimination of enriched CO2 costs, although 
achieved a 22% reduction in greenhouse gas emissions. Future work will screen and test additional strains and 
identify pathways to meet DOE cost targets 

 

WBS: 1.3.2.600 

Presenter(s): John Benemann 

Project Start Date: 10/01/2018 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $2,899,179 
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Photo courtesy of MicroBio Engineering Inc. 

COMMENTS 
• Project goals, roles, and responsibilities are clearly stated. Communications methods are well defined. 

Risk management is straightforward. Bioprospecting is always good, but the hazard is ending up with a 
strain that works locally and can’t be used more widely. The summer productivity seems low. Mostly, 
the problem is that the TEA doesn’t pencil out, and economic results are the only thing that will make 
this viable. You kind of need to know what you can reasonably make and then work backwards to figure 
out what you need to work on and what is the critical path to commercialization. The outcome of 
improving DAC by finding strains that can utilize caustic is obvious but finding a local strain might limit 
widespread adoption. A couple of strains were identified for development, and different alkalinity 
sources were screened for suitability as a supplementation source. However, cost-benefit seems fairly 
minimal and dependent on credits. It will be interesting to see the recovered adapted strain results. 

• The goal of this project is to eliminate the need to co-locate algal cultivation facilities with concentrated 
sources of CO2 by using 100% of CO2 required from air. This is in line with the BETO MYPP milestone 
to develop technologies for CO2 utilization that enable, in field research conditions, an increase in the 
utilization efficiency of delivered CO2 by 25% relative to 2019 baselines by 2022. Success in this project 
will eliminate the constraint of co-locating algal plants with CO2 sources and significantly reduce capital 
costs of CO2 supply. The team had a clear management plan with a well-defined task structure and leads 
leveraging team expertise and previous experiences. They identified risks and outlined mitigation 
strategies, as well as established channels of communication and collaboration amongst team members. 
Their approach includes increasing air-CO2 flux by chemical enhancement, identifying pond conditions 
that yield in-gassing rates to support high biomass productivity, identifying strains that thrive under 
high-pH conditions, and using TEA/LCA outcomes to guide further research. The approach is ambitious 
but has potential for success. Critical for success is the identification or evolution of strains that thrive at 
low alkalinity and high pH, which the project team has identified as a challenge. The team identified a 
strain with productivity of 11–12.2 g AFDW/m2/day at high pH but required elevated alkalinity to 
achieve this. The reduced cost of CO2 is offset by the cost of maintaining high alkalinity. The team 
should provide clarity on further strain selection and should consider strain engineering/evolution. 
Commercial deployment may pose a challenge due to precipitation of ammonium, Ca, and Mg from 
water as well as high-producing strains at pH 11.5–12. 

• The goal of this project is to provide 100% of algal carbon with CO2 from air. The team and 
management plan described are appropriate for this project. The risks and mitigation strategies are 
clearly delineated for this project through a thorough discussion of critical success factors, challenges, 
and mitigating strategies. Progress was described through tasks, milestones, and go/no-go decision 
points, providing an adequate assessment of progress for the project. The approach takes into 
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consideration that at high pH, CO2 mass-transfer kinetics are sufficient to provide enough dissolved CO2 
to support high biomass productivities. Effective delivery of air into a high-pH pond is necessary to 
maximize CO2 transfer. The approach then will rely on finding algae strains that can effectively grow 
under high alkaline and pH conditions. TEA/LCA modeling will be used to assess impacts of the 
integrated system. The approach is deemed viable. Impacts of the technology development were 
adequately explained, along with impacts to BETO’s targets and goals. Progress was described 
effectively in all areas, including understanding mass transfer for CO2 under high pH and high alkalinity 
and finding and evolving strains for these conditions. A Cyanobacterium sp. SSL1 has been adapted to 
these growth conditions. TEAs/LCAs are underway to evaluate the savings when alkaline sources and 
costs are considered. Issues with outgassing of ammonia as the nitrogen source and precipitation of 
carbon as carbonate will need to be adequately addressed in future work. 

• The management team seems qualified for this work, but it is not clear how tasks are divided among the 
team. The participation of a commercial partner in the project will help direct efforts to scalable 
technologies and tangible outcomes. Lack of preparation for sensors’ reactions to water hardness seems 
to indicate lack of preliminary planning and failure to do some initial risk mitigation. It appears that the 
strategy is to operate at high pH with alkalophilic algal strains. This strategy is not novel, and the 
resource requirements required to complete validation of appropriate strains seems high. Mass-transfer 
models for similar systems have been developed for over 100 years. It appears that this project is 
duplicative of many efforts before it. The work seems impactful but not necessarily unique or 
extraordinary. Reported growth rates of 11–12.5 g/m2/day do not demonstrate progress even compared to 
this team’s own internally generated data. This growth rate seems to be validated with only a single 
experiment conducted under ideal conditions not representative of a cultivation year. The final target of 
15 g/m2/day is lower than current SOT, making this progress seem minor. 

• The project’s work plan specifically addresses several key elements needed to cost-efficiently produce 
algae and biofuels at commercial scale: (1) Eliminate dependency (and cost) on commercial CO2, (2) 
eliminate dependency on location of available CO2, (3) establish water chemistry and growth media 
criteria to directly capture CO2 from the atmosphere, and (4) determine suitable high-quality strains that 
will grow well in high-DIC environments. The progress to date is proceeding and attaining results and 
milestones in support of these goals. Additionally, the materials presented provide the industry with 
reminders of the important and underlying mass-transfer equations, as well as determining guideline pH 
and other relevant criteria for achieving algae growth production targets. Another important pending 
conclusion presented is that a decrease in turbulence levels in the 10-acre pond is not expected to 
influence the air-CO2 flux. The relatively recent start and the progress made to date position the project 
to hopefully achieve all goals and achieve the end-of-project milestones. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the Review Panel for their participation, constructive comments, and positive feedback. We are 

unsure of the first reviewer’s mention of “lack of preparation for sensors’ reaction to water hardness.” 
This was identified early in the project as a risk with the 1-acre pond in-gassing studies, with a softening 
strategy trialed in the lab prior to implementation in the field. Even after softening, some precipitation 
was still observed, although this was accounted for analytically, as planned. Observed in-gassing rates in 
the 1-acre pond were within 20% of model predictions. Implications of source water hardness, including 
strain response, treatment, and disposal, were preliminarily explored in the Budget Period 2 TEA, and 
will be examined in more depth in Budget Period 3. We disagree with the reviewer’s comment that 
alkaliphilic cultivation “is not novel,” and “duplicative of many efforts before it.” Of the algal projects 
within DOE BETO’s portfolio, we are one of two groups exploring feasibility of this approach, with a 
handful of others examining this globally. The remainder are focused on cultivation using traditional 
methods of CO2 supply, which, as noted in the 2016 Billion Ton Update, limits algal resource potential to 
less than 5 billion gallons per year. We are unaware of the “many efforts before” the reviewer refers to 
here—the vast majority of strain and cultivation development from 1980 on has focused on traditional 
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CO2 supply, generally at pH 8 or below. The more recent ATP3 and DISCOVR field trials are no 
exception. Perhaps the reviewer refers to commercial Spirulina cultivation, with commercial operations 
using elevated alkalinity (generally near 200 mEq/L) and pH (~10). We note that the current approach 
differs from Spirulina cultivation in that it targets a higher pH—11.5 and above—as in-gassing rates are 
insufficient at pH 10 to achieve biomass productivities required to reduce feedstock production costs. 
Also, lower alkalinity levels than used in Spirulina cultivation are targeted to keep operating costs low.  

• In regard to one reviewer’s comment that this work is “duplicative,” we were also surprised at the lack of 
consensus within DOE’s portfolio regarding the pH required to achieve target levels of air-CO2 flux; thus 
the need to re-evaluate mass-transfer models to identify the appropriate analytical assumptions for 
turbulence levels typical in raceway ponds, both at the pilot scale (3.4-m2 surface area) common to 
research and development, as well as the large, unlined ponds required for scale-up (1-acre, tested herein, 
and larger). Given the uncertainty in the conditions required to achieve target air-CO2 transfer rates, we 
do not see these efforts as duplicative. The observed summer biomass productivity is indeed one-third 
that of the 2020 summer SOT level, 11–12.5 versus 32 g AFDW/m2-day, and the end-of-project target 
(15 g AFDW/m2-day) about half the SOT value. Earlier climate-simulated trials with SSL1 demonstrated 
higher productivity, but only 70% of this was estimated to be from air-CO2 exchange, with the remainder 
attributed to consumption of dissolved inorganic carbon within the carbonate buffering system. For a 
sustainable process, the air-CO2 in-gassing rate must be high enough to support algal carbon uptake rates, 
without a decrease in medium-dissolved inorganic carbon throughout the cultivation cycle. Therefore, the 
11–12.5 g AFDW/m2-day measured here, under suboptimal outdoor conditions with 100% CO2 from air, 
is more representative of “commercially relevant” conditions expected in a sustainable, full-scale 
operation relative to the earlier climate-simulated trials under idealized conditions. The end-of-project 
productivity target was chosen as a realistically achievable goal within the timeline of the project. 
Cultivation trials in Budget Period 3 aim to demonstrate further increases in the “air-only” SOT, 
employing similar strain screening and seasonal strain rotation approaches that enabled a 57% 
improvement in the CO2-replete SOT trials. By the end of Budget Period 3, we should have a clear idea 
whether the chemically enhanced air-CO2 transfer approach can eventually match the current SOT. If not, 
alternative approaches that can increase air-CO2 flux at lower pH should be investigated.  

• The second reviewer appropriately notes that “Mostly, the problem is that the TEA doesn’t pencil out.” 
We note that the costs shown were for a pathway that does not include high-value coproducts that have 
been shown to be essential to enable cost-competitive fuel production. Costs could have been more 
clearly presented on a dollar-per-metric ton biomass basis for a more flexible comparison—we will move 
toward this metric in future analyses. Note that for the TEA shown, credits associated with reductions in 
CO2 emissions were small relative to the cost of the resulting fuel, lowering costs by about 5%, although 
they become more significant as the fuel price decreases, either through the addition of valuable 
coproducts, improvements in biomass productivity, or reductions in OpEx and CapEx. Two reviewers 
noted that ammonia outgassing and water treatment costs will need to be addressed in future work and 
will be incorporated into the Budget Period 3 scope. Again, we thank the reviewers for their critical 
assessments and positive feedback. 

  



2021 PROJECT PEER REVIEW 

 

94 ADVANCED ALGAL SYSTEMS 

SOFAST: STREAMLINED OPTIMIZATION OF FILAMENTOUS 
ARTHROSPIRA/SPIRULINA TRAITS 
Lumen Bioscience 

PROJECT DESCRIPTION 
To enable the development of algae-based biofuels 
and bioproducts, this project is making fundamental 
improvements in the major areas of strain 
development, specifically tailored to an already 
highly productive and commercially deployed species 
Arthrospira (also commonly known as Spirulina) and 
aimed at achieving a doubling of the state-of-
technology algal biomass productivity. Arthrospira species are attractive for commercial biofuel production 
due to their ability to grow in highly alkaline seawater, as well as their relative ease of harvest. However, 
Arthrospira also suffers from notable deficiencies: The cells are sensitive to photodamage in bright sunlight, 
impeding growth, and they contain substantially less high-energy lipids than eukaryotic algae. This project 
leverages Lumen Bioscience’s proprietary method of genetically engineering Arthrospira to build strains that 
are both more photodamage-resistant and accumulate more lipids than unmodified Arthrospira. We have 
assembled functionally rich combinatorial overexpression libraries and used competitive selection coupled 
with pioneering methods in metabolic profiling at NREL and whole-genome sequencing to discover 
expression element combinations that have the best growth rates. We have performed competition-based 
screens to identify, rebuild, and characterize winning constructs. These newly made strains will be tested under 
outdoor growth conditions to demonstrate improved biomass productivity and lipid accumulation relative to 
their wild-type parent strains.  

 

WBS: 1.3.2.601 

Presenter(s): Rachelle Lim 

Project Start Date: 10/01/2017 

Planned Project End Date: 06/30/2021 

Total DOE Funding: $2,450,919 
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Photo courtesy of Lumen Bioscience 

COMMENTS 
• It is difficult to see how this project can provide material impact to the BETO MYPP and other program 

goals. The emphasis seems to center around Lumen’s commercial priorities and planned or desired 
process systems, operations, and product profiles. As this project is reaching its completion, the 
presentation does not provide any materials allowing evaluation of its progress to be measured against 
the project goal and the end-of-project milestone. 

• The aim of this project is to produce engineered strains of Arthrospira platensis with improved 
photosynthetic traits and increased lipid content, with the hope to achieve 19-g/m2-day productivity and 
14% and 16% increased lipids and carbohydrates content, respectively. The team and management plan 
described are appropriate for this project. The risks and mitigation strategies are clearly delineated for 
this project through a thorough discussion of critical success factors, challenges, and mitigating 
strategies. Progress was described through tasks, milestones, and go/no-go decision points, providing an 
adequate assessment of progress for the project. The approach is quite innovative as it is specific toward 
the transformation of filamentous cyanobacteria. Thus, it incorporates the use of construct libraries and 
transform libraries that will be used to create variants. These will then be competed to identify constructs 
that impart fitness or wax ester production. These will then be grown outdoors. The approach would 
benefit from more detailed discussion on why wax esters are targeted and specific trait modifications 
added to the constructs will generate high-fitness strains and/or wax ester production. Impacts were 
described against BETO productivity goals and barriers. The impact of the wax ester production needs to 
be discussed. Progress was described against deliverables. The creation of the construct libraries is quite 
innovative and an excellent approach to generate variants in cyanobacteria. Construct and transform 
libraries have been created successfully and implemented on A. platensis. Mutants have been competed 
showing mixed results in controlled experiments. Some variants with increased productivity and wax 
ester content have been identified. A very nice new approach, MALDI imaging (matrix-assisted laser 
desorption/ionization), was used to determine intrafilament population heterogeneity. Two strains will be 
moved to outdoor cultivation at AzCATI. 
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• The communication plan is well defined and data sharing methods are good—the LIMS platform for 
data management is good. Key productivity indicators are identified, and this has good potential for 
green chemistry applications. The challenges are clearly identified, and go/no-go decision points are 
outlined. In a closed system, whether indoors or outdoors, scale is limited by CapEx and OpEx. The 
stated goal of 19 g/m2/day is lower than the BETO planned goals. It seems like the economic analysis 
conclusion is that it is not possible to make these strains work outdoors in an open environment, and it is 
not possible to meet the fuel GGE goal; therefore, the cost of fuel GGE must be offset by the highest 
possible profit margin product with fuel as a secondary byproduct. Typically, recombinant strains will 
perform excellently in bioreactors even under simulated conditions of photobleaching and temperature 
changes but suffer from stress and infection in open ponds outdoors; here there is minimal improvement 
even in bioreactors. If the TEA and project relies on therapeutic protein to be viable, this may be a 
problem—this requires in vivo testing at a level most academic and startup labs cannot support. 
Immunogenicity is a well-known problem of non-mammalian expression: Novavax even capitalizes on 
it, making only vaccines in baculo systems because insect proteins are notoriously immunogenic. That 
said, they’ve had little success until recently and basically specialized in expensive Phase III failures. 
Spray drying is also known to damage the structure of therapeutic proteins—depth filtration or disk-stack 
centrifuges must be used. Efforts to modify different cells to make them more humanized have largely 
been expensive failures (GlycoFi, for one). Over-transfection of too many sequences can also lead to all 
of them being only marginally expressed, and the cells become quite sensitive to general endoplasmic 
reticulum stress, especially if something like a chaperone to assist in folding or trafficking has been co-
transfected. 

• The management team seems well suited for this task. Risk mitigation strategies do not seem well 
described. The approach of delivering oral therapeutics and cultivation on wastewater-based media are 
not obviously compatible. Plans to manipulate Arthrospira for enhanced biofuels and bioproducts 
composition also seems at odds with plans for oral therapeutic products. The pathway by which wax 
esters will be transformed into biofuels or biofuel intermediaries seems unclear. Licensing of strains has 
proven to be a difficult business model to capitalize on in this small industry space so far, and there 
seems to be a limited market for even the best-engineered algal strains at this time. As a result, strain 
development work done targeting biofuels production will likely have limited impacts if Lumen’s core 
business model is centered around drug delivery. Demonstrated production of therapeutic proteins is not 
unique to this work but is significant and shows the future viability of a new range of high-value 
products that have the potential to drive commercialization of algae. Outcomes have not yet shown 
significant improvements. The strategy to overcome the gap between indoor and outdoor culturing 
conditions seems to be planning more indoor simulation trials. The mysterious nature of carbon flux to 
carbohydrate synthesis represents what appears to be an unmitigated risk for planned wax ester 
production. Plentiful data were supplied, and this is very appreciated. It is difficult to interpret the impact 
of many results without understanding more details about the project than this context and format can 
provide. The end result demonstrates much activity, but not all of it can be interpreted for review. 
Outdoor growth seasons are upcoming and will be the best way to determine efficacy of this work. A 
tool capable of differential lipid expression seems to be an outcome of this work, and that will be a 
useful tool if effective. 

• The team is proposing to engineer Arthrospira platensis (Spirulina) strains for improved photosynthetic 
traits and increased lipid content. The expected outcomes are increased areal productivity and projected 
biofuel yield as well as development of strain improvement toolkits and methods. Their toolkits for 
increased understanding and characterization of variability in novel feedstocks addresses BETO barrier 
Aft-E. The optimization of stress-resistance traits to increase productivity and robustness to factors such 
as temperature and light will address BETO barrier Aft-C, Biomass Genetics and Development. The 
team had a clear management plan with a well-defined task structure and leads. They identified risks and 
implemented mitigation strategies, as well as established channels of communication and collaboration 
amongst team members. The team’s approach to construct libraries of traits with various coding 



2021 PROJECT PEER REVIEW 

 

97 ADVANCED ALGAL SYSTEMS 

sequences and promoter/terminator strengths is well established, and the team has the expertise to 
successfully deliver. Initial strain selection and characterization were done in shake flask and flat panel 
reactors with constant light and showed no improvement when tested under outdoor-simulated 
conditions. The team should consider building a high-throughput scale-down model that will further 
simulate outdoor conditions for strain selection and characterization. Doing so will increase chances of 
success during outdoor testing. The team repeated transformation under outdoor-simulated conditions 
and showed some improvement over the wild-type strain. Overall, the project aimed to enhance growth 
and lipid content of an industrially relevant organism. Success of the proposed work has not been 
demonstrated with outdoor raceway test beds. The project advances the state of the art by developing 
toolkits like MALDI imaging to assess heterogeneity, intra-filament imaging lipidemics for 
understanding physiology of filaments within the organism, high-throughput spectroscopy phenotyping, 
and spectral fingerprint for protein content. 

PI RESPONSE TO REVIEWER COMMENTS 
• We emphasize that Lumen Bioscience’s interests in the commercialization of Spirulina-based 

therapeutics requires reliable, cost-effective manufacturing and the ability to predictably and 
reproducibly culture genetically engineered strains of this otherwise undomesticated cyanobacterium. 
Lumen’s core business model is indeed centered around lowering the manufacturing cost of Spirulina-
based therapeutics and not production of energy in the near term. However, development of 
cyanobacterial genetic toolkits that enhance the photosynthetic productivity of Spirulina are mutually 
beneficial to Lumen for its goals in the therapeutic market space and to a broader bioeconomy that 
incorporates other uses of Spirulina biotechnology advances. Funding from BETO for this PEAK project 
has enabled Lumen to better understand the growth parameters for culturing Spirulina and explore the 
genetic perturbations for improving its stress tolerance and perturbing its metabolic profile, and it has 
allowed us to demonstrate highly precise replication of outdoor cultivation conditions with scale-down 
indoor simulation reactors. These achievements directly address BETO barriers Aft-C (Biomass Genetics 
and Development) and parts of Aft-E (Algal Biomass Characterization, Quality and Monitoring). 
Likewise, our federally funded research and development center partner, NREL, established the first 
MALDI-based single-filament metabolic imaging method of its kind on this project with our Spirulina 
strains, identifying metabolic heterogeneity that is also very relevant to BETO barrier Aft-E. Further, as 
we mentioned in our presentation, harvesting and dewatering barriers (Aft-D) are innately low for 
Spirulina. Although Lumen is not an energy company, they can still significantly contribute to BETO’s 
portfolio by lowering the cost of biomanufacturing of Spirulina to produce bio-based products and 
coproducts and resolving barriers relevant to BETO’s mission. 
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DIRECT AIR CAPTURE OF CO2 AND DELIVERY TO 
PHOTOBIOREACTORS FOR ALGAL BIOFUEL PRODUCTION 
Georgia Institute of Technology 

PROJECT DESCRIPTION 
The objective of this project is to develop a process 
that extracts CO2 from the ambient air (DAC), 
concentrates it, and delivers it to PBRs for the growth 
of algae to produce advanced biofuels. The use of 
CO2 captured from the air to provide the carbon for 
algae growth and biofuel production offers enhanced 
flexibility for siting of algal biofuel installations and 
presents the added advantage of reduced carbon footprint. This program brings together four organizations that 
provide specific expertise to the project: (1) Georgia Tech for DAC materials, algae cultivation, and LCAs; (2) 
Global Thermostat for DAC technologies; (3) Algenol Biotech for PBR-based algal biofuel technology, and 
(4) NREL for process modeling and TEA. A mobile, skid-mounted DAC system capable of producing a stream 
of ~98.5% CO2 at a production rate suitable for PBR integration has been constructed and demonstrated. 
Multiple modes of DAC/PBR integration have been modeled, and pathways to reduced carbon footprint and 
biofuel costs were identified. At project end, we will produce data and knowledge regarding reduction in algal 
biofuel costs and carbon intensity by using CO2 from DAC fed to algal biomass, as well as innovations in 
DAC process design that lower the cost of CO2 collection from air by developing a PBR-specific DAC 
technology that utilizes improved sorbents and less intense operating conditions. 
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Photo courtesy of Georgia Institute of Technology 

COMMENTS 
• Goals are clearly stated. Roles and responsibilities are defined, and communication methods are 

described. It’s quite impressive that the team was able to manage through not only COVID-19, but also 
the loss of Algenol as a partner, and recoup the institutional knowledge by hiring the collaborators 
directly. There have been a lot of management challenges to overcome to make this work, and they have 
been successfully overcome. The project is very technology- and CapEx-heavy; for this reason, it would 
have been helpful to see more detail on the TEA. There is a definite need for sorbent stabilizers. The 
CapEx-heavy nature of this method may limit what capacities in which it can be used. The partnerships 
developed have clear lead-ins to commercialization and scalability. The prototype is built and 
functioning. It would be great to see many more outdoor cycles—run it as long as possible and see how 
many cycles it can do! Assuming continuous operation, one can certainly stick carbon sinks in somehow 
as a sort of break tank. 

• The goal is to demonstrate effective growth of cyanobacteria coupled with CO2 technology for DAC. 
The team and management plan described are appropriate for this project. The risks and mitigation 
strategies are clearly delineated for this project through a thorough discussion of critical success factors, 
challenges, and mitigating strategies. Progress was described through tasks, milestones, and go/no-go 
decision points, providing an adequate assessment of progress for the project. The approach takes 
advantage of the Global Thermostat DAC system being integrated into PBRs growing an ethanol-
producing cyanobacterium to demonstrate effective integration. Impacts of the technology development 
were adequately explained, along with impacts to BETO’s targets and goals. The team has developed a 
mobile DAC that will deliver ~20 gCO2/h to PBR culture systems and will last for months. They have 
also identified effective stabilizers for the amine polymer used in the DAC. A PBR system using Algenol 
technology has been set up for A. spirulina AB2293 growth outdoors. TEA/LCA of operational scenarios 
have been developed with two scenarios showing improvements that surpass the projects targets. Future 
work remains to show full integration of the technologies and demonstration of key targets. 

• The goal of the project is to advance DAC technology by developing a DAC system comprising solid 
amine monolith adsorbents that will integrate with existing PBR technology to deliver at least 20% of the 
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required CO2 for algal growth. The team will be building upon a DAC system already developed by 
Global Thermostat by developing a strategy for extending the lifetime of DAC sorbents. This goal is of 
clear relevance to BETO’s mission and MYPP goal, and addresses Aft-A, Aft-B, and Aft-M barriers. 
Successful execution will reduce cost of production and eliminate constraints of siting algal production 
systems close to industrial CO2 supplies. The team has a clear management plan with a well-defined task 
structure and leads leveraging team expertise and previous experiences. They identified risks early on in 
the project and outlined mitigation strategies that were successfully executed. They also have 
demonstrated a well-established channel of communication and collaboration amongst team members. 
Their approach involves designing and building an automated DAC system, identifying heat/mass 
streams in both DAC and the algal cultivation technology that will allow integration of both systems, and 
implementing an oxidative degradation mitigation strategy to extend the lifetime of DAC sorbents. The 
team should provide more clarity on the flexibility of the integration strategy and if this technology can 
be applied to algal open ponds as well as LCA of the improved DAC sorbents. The team has made 
progress in building a mobile system and has identified stabilizers that limit oxidative degradation of 
amine species in sorbents. The team has also demonstrated cultivation of Arthrospira platensis outdoors 
using Algenol’s polymeric PBRs. Critical for this project is the successful demonstration of integration 
of the two systems. Their TEA suggests more than a 15% cost reduction with DAC-PBR integration, 
which is promising. 

• The management team has done a nice job adjusting to the impacts resulting from Algenol’s reduced 
participation and the COVID-19 pandemic. The DAC technology contains interesting possibilities for 
future applications. The testing suggesting the long life cycles of the sorbents is very encouraging. It was 
not readily apparent how effective the DAC technology was at capturing atmospheric CO2, but it 
nonetheless remains important given the commercial potential of DAC for decoupling algae commercial 
facilities from fixed sources of CO2. No data were presented regarding algal growth rates from DAC-
provided CO2, making it difficult to truly gauge effectiveness, let alone determine how at least 20% 
DAC-delivered CO2 would be established. This is important since it is a project goal. 

PI RESPONSE TO REVIEWER COMMENTS 
• “The team should provide more clarity on the flexibility of the integration strategy and if this technology 

can be applied to algal open ponds as well as LCA of the improved DAC sorbents.” Answer: We 
anticipate that the energy/cost associated with CO2 harvesting via DAC would not prove worthwhile for 
open ponds, where lower-cost ways to improving CO2 mass transfer to reaction media would likely be 
preferable. Regarding integration strategy, there are many variables to consider, and we will consider a 
non-exhaustive subset of configurations in this project. There will remain additional DAC/PBR 
integration opportunities after the project.  

• “No data were presented regarding algal growth rates from DAC-provided CO2, making it difficult to 
truly gauge effectiveness, let alone determine how at least 20% DAC-delivered CO2 would be 
established. This is important since it is a project goal.” Answer: The reviewer is correct, no data were 
provided, because this is a Budget Period 3 objective. It is part of our current plan.  

• “The project is very technology- and CapEx-heavy; for this reason, it would have been helpful to see 
more detail on the TEA.” Answer: We will emphasize the TEA more next year.  

• “It would be great to see many more outdoor cycles—run it as long as possible and see how many cycles 
it can do!” Answer: This is part of our plan.  

• Thank you for the positive comments; no questions to answer. 



2021 PROJECT PEER REVIEW 

 

101 ADVANCED ALGAL SYSTEMS 

PREVENTION OF LOW-PRODUCTIVITY PERIODS IN LARGE-SCALE 
MICROALGAE CULTIVATION 
Global Algae Innovations 

PROJECT DESCRIPTION 
GAI is a leader in low-cost algae cultivation and has 
developed a high-productivity cultivation system; 
however, even in this advanced cultivation system, 
periods of unexplained low productivity are observed. 
We developed a database of microbes associated with 
algae cultivation ponds and identified taxa associated 
with periods of low and high productivity. Hundreds 
of microbes (bacteria, eukaryotes, and viruses) were isolated from our cultivation ponds. Challenge testing was 
conducted in laboratory conditions to identify potential pathogens and probiotics. Those tests included target 
algae, bacteria, and viruses. In order to separate sequences of our target algae from contaminant sequences, the 
genomes of two elite GAI strains were sequenced and assembled to completion, providing valuable data for 
other research studies. We deployed SpinDX to detect the presence of pond microbes. Further, as SpinDX 
quantitative detection ability was limited, we conducted initial testing of a new next-generation sequencing 
tool for monitoring pond microbes. The Oxford Nanopore MinION technology is affordable and does not rely 
on prior knowledge of pond microbes. In combination with flow cytometry, MinION provides real-time 
quantitative pond microbiome data and is the future of pond contamination detection for mass cultivation of 
algae. The next step of detection, control, and treatment of the pond microbiome is now possible.  
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Photo courtesy of Global Algae Innovations 

COMMENTS 
• Communication, data sharing, and roles and responsibilities are well defined. Risk management is good 

and mitigation strategies are identified. A lot of the project findings depend on the SpinDX tool, which is 
only able to work a handful of species at a time; pond ecology and biofilms in the environment 
notoriously contain hundreds of species, many of them highly diverse and very location-dependent, and 
even more that cannot be isolated or show up in the lab as “VBNC” (viable but nonculturable). Next-
generation sequencing has come down considerably in price, and the UK has made a lot more progress 
than the United States in that regard. If even a handful of indicator species can be consistently identified, 
this would be helpful and more broadly applicable. The viral identification is quite interesting—phage 
ecology in particular is critical work, and not merely phages that infect algae but also bacteriophages. It’s 
also very useful that this window of intervention before the culture starts to fail observably by 
fluorescence has been identified, as this provides an earlier window for potential treatment. 

• The aim of this project is to reduce periods of low pond productivity by identification and control of the 
microbiota and develop cultivation methods to achieve productivities of >25 g/m2-d. The team and 
management plan described are appropriate for this project. The risks and mitigation strategies are 
clearly delineated for this project through a thorough discussion of critical success factors, challenges, 
and mitigating strategies. Progress was not described through tasks, milestones, or go/no-go decision 
points, providing an inadequate assessment of progress for the project. The impact discussion lacked 
clear targets and goals to define the project against others, including connection to BETO long-term 
goals and targets. The team has made progress in method development, isolating and identifying 
bacterial and viral communities in algal cultivations over different periods of the year. Bacterial 
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community variations were correlated with environmental factors and algae conditions. The team has 
found key correlations between bacterial community dynamics preceding changes in algal productivity. 
Interesting results in the genomics of Nitzschia hildebrandi were discussed, although how this 
information was relevant to the current project was not discussed. Work is also underway in viral 
community dynamics within the algal cultivation systems. The SpinDX system was only partially 
effective in community dynamics monitoring. The team is switching to monitor microbial diversity using 
a MinION sequencing capability. The presentation can be enhanced by providing a quantitative 
assessment of milestones achieved and future work. Work on control of microbiota to enhance 
productivities was not discussed. 

• The project targets a very broad but important topic of algae pond health and the interrelationships 
affecting productivity thought to involve bacteria, other algae, viruses, protozoa, fungi, and many others. 
The project attempts to systematically address these topics and strives to develop tools for cost-effective 
and timely management of the ponds so as to enhance productivity to achieve a growth rate higher than 
25 g/m2/d. The presentation covers a significant range of material, presenting some observations and 
insights but often without any meaningful supporting data or analysis. No measure of improvements to 
growth rates are offered, nor any other measure of improvements against any baseline, making it difficult 
to evaluate progress against the project goal and end-of-project milestone. 

• There is concern that not enough upfront planning went into budgeting for sequencing or into method 
development and tools to be used. Prevention of low productivity with a focus on microbiome 
interactions seems like an excellent target. Collection methods seem very robust and reproducible. The 
project approach seems to be based on large amounts of sampling and sequencing with little to no 
description of how to integrate these data into an actionable plan. Few of the learnings seem to be 
translatable to improved productivity in an outdoor setting outside of the Kauai site. Many bacteria were 
identified, but not based on importance of interaction in the community, only by known sequence 
references. Transcriptomics, metabolomics, or flux omics might have indicated critical mutualism 
instead of just known DNA. Any approach assessing community activity or abundance instead of just 
presence would have been more impactful. Data showing that environmental factors change the makeup 
of the community, and that duration of cultivation is directly proportional to community diversity are not 
surprising or directly applicable. No method to determine final product quality was described. A new 
cultivation methodology to increase productivity based on microbiota analysis was not described. 
Without this final deliverable, it is difficult to assess progress or impact in the project. 

• This project focuses on reducing periods of unexplained low productivity by identifying and controlling 
microbiota cultivated with algae. The project goals are ambitious, as the team needs to identify not only 
bacteria but viruses, fungi, protozoa, and other algae, as well as develop tools for low-cost rapid analysis. 
The project has clear relevance to the BETO mission and MYPP goals, and if successful will progress 
the knowledge base on microbiota and impact on pond performance. The team had a clear management 
plan with a well-defined task structure and leads. They identified risks and outlined mitigation strategies. 
They outlined established channels of communication and collaboration amongst team members. Their 
approach to develop a database of microbes associated with algae cultivation ponds and identify taxa 
associated with periods of high and low productivity is reasonable but may require more time to build a 
comprehensive database and develop analytical tools required for low-cost and rapid detection. Building 
a database will help drive understanding on impact of microbiota on algae biomass productivity in ponds 
and offer avenues to controlling microbiota. However, this database is specific to a site and has to be 
developed for various sites to be a successful approach. The team has made significant progress toward 
their goal. They developed a protocol for genomic sampling from algae-associated microbiota, 
developed a database of microorganisms associated with algal ponds in Kauai, isolated multiple strains 
from all taxonomic groups, and identified microorganisms associated with low and high algal 
productivity. Their initial development with SpinDX was able to detect presence and absence or 
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microorganisms in cultivation ponds, but it is not quantitative and will require further development. They 
proposed using next-generation sequencing technology for pond microbial detections. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank all the reviewers for their great comments and insight. While the project was very ambitious 

in goals, we were still successful in identifying previously undiscovered viruses, bacteria, and 
eukaryotes that are associated with low algal productivity, which was a major project objective. 
Though these organisms are associated with productivity, their presence does not imply causation, and 
we are aware of the complexities in interpretation of this type of data. Analysis of individual grow-
outs showed a sequence of shifts in microbes, but there were also large differences in composition 
between the grow-outs, indicating strong seasonal changes. Based on data generated in this project, it 
is clear that tracking changes to the community is a better approach than tracking individual taxa, as 
was originally intended when the project started. Using Fongle, the next-generation sequencing tool 
developed by Oxford Nanopore, will allow us to affordably track changes in the microbial community 
on a regular basis. This discovery was reached late into the project, but its capability was successfully 
tested as part of project work. We have conducted transcriptomics analysis with the primary aim to 
identify and characterize viruses, but review of these data in conjunction with DNA amplicon data 
may reveal some intriguing functional data and is something we are thinking of doing in future work. 
We have discussed metabolomic analysis, but it was not within the budget or initial project objectives.  

• This project was the first of its kind looking at the microbiota in the GAI cultivation system and in 
these algae strains, and we appreciate and agree with the suggestion to include additional data that 
should have been collected and analyzed. However, this project resulted in achieving a fundamental 
and important data set in the composition, environmental metadata, methodology, culture isolates, and 
characterization of the pond ecology; that has been necessary for establishing an initial understanding 
of a previously unknown biological system. The data generated from this project will be a launchpad 
for more thorough analysis (e.g., metabolomics or flux omics) in future work. We demonstrated a 
positive effect of Exiguobacterium sp. and a negative effect of Bacillus sp. on algal productivity in the 
laboratory conditions. Our next step is to test the positive effect of Exiguobacterium sp. outdoors. We 
identified a phage that can lyse Bacillus sp. that was associated with low algal productivity, and the 
phage’s ability to lyse the Bacillus sp. was demonstrated in the lab. The very promising SpinDX 
capability did not work in our system and resulted in many false positives. Multiple approaches were 
tried, and a LAMP (loop-mediated isothermal amplification) assay was developed to successfully 
detect presence and absence of microbes. As indicated by the reviewers, our ability to test the 
effectiveness of treatment methods in outdoors ponds was limited due to an inability to regularly 
monitor microbiota using SpinDX. However, our goal was to demonstrate the capability to mitigate a 
eukaryotic, bacterial, and viral bad player in outdoor ponds, and we have a path to demonstrate this 
capability before the end of the project. For PEAK challenge we are planning to use a probiotic to 
demonstrate increased algal productivity. We currently have three probiotic bacteria that are 
enhancing algal growth in laboratory conditions. All three were isolated from GAI outdoor cultivation 
ponds during the project, and they are being tested outdoors. In just 3 years, this project work began 
without a single isolate or known microbe in the GAI system to now having three putative probiotic 
bacterial isolates to test outdoors, which is impressive given setbacks with COVID-19 and general 
complications with importing biological materials into Hawaii. We look forward to seeing the results 
for the PEAK challenge and are excited begin closing out this fruitful project. 
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HIGH-THROUGHPUT DIRECTED EVOLUTION OF MARINE MICROALGAE 
AND PHOTOTROPHIC CONSORTIA FOR IMPROVED BIOMASS YIELDS 
Colorado School of Mines 

PROJECT DESCRIPTION 
Directed evolution and targeted trait selection remain 
among the most powerful and successful tools 
available for attaining the process improvements 
necessary to enable commercial success in many 
biotechnology sectors. To develop robust and 
efficient algal biotechnological platforms, we are 
using “solar-simulating” bioreactors to select strains 
evolved for improved growth rates and improved tolerances to high levels of light and pH and oxidative stress. 
Deep sequencing (genome, transcriptome) is being used in conjunction with comparative genomics approaches 
to probe organismal evolution and to identify genomic alterations that enable increased biomass yields and 
adaptations to growth in outdoor open-pond systems. Outdoor testing is being done in collaboration with GAI 
using their advanced open-pond cultivation systems that are shown to minimize contamination and attain 
productivity increases relative to standard raceways. Despite the widespread use and proven track record of 
directed evolution in other bio-based applications, these tools have seen only limited utilization in the algal 
biofuels sector. This is primarily due to the cost, engineering, and human/fiscal resource constraints imposed 
by these techniques, especially when attempting to simulate the extreme photon flux and sinusoidal nature of 
solar light and environmental temperature fluctuations. We have built a series of low-cost, modular, and 
scalable growth stations that mimic algal pond growth outdoors. Importantly, these easily include the highest 
photon intensities of sunlight, and are capable of programmable temperature swings ranging from 5°C–60°C. 
These “solar-simulating” bioreactors are being used to select strains evolved for improved growth rates and 
improved tolerances to high levels of light and pH and oxidative stress. Data from experimental work will be 
used to inform sustainability assessment work, with results from modeling work used to understand impacts of 
the research. 
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Photo courtesy of Colorado School of Mines 

COMMENTS 
• Roles and responsibilities are defined, communications are channeled through regular meetings, and data 

sharing is managed through a single point of contact. The project goals are clearly stated and aligned 
with BETO productivity and quality goals. Risks of moving from the lab to field trials are identified and 
strategies to mitigate them are stated. Pre-selecting for stress-tolerant clonal pools via directed evolution 
is actually really useful—especially in yeast, bacterial, and mammalian cells cultured for production 
scale. It’s unclear why more people don’t do this, because an organism that can have a generation every 
few hours or couple of days can develop new proteins or new metabolic workarounds a lot faster than a 
human with Schrodinger software and IDT making their sequences. This method would be highly 
applicable to other strains and different locations, in addition to being able to mitigate the more usual 
aspects of climate change—unpredictable weather. The productivity exceeded goals, redox-sensing gene 
clusters were identified as potential contributors to the adaptation, and it will be interesting to see what 
happens outdoors during the more stressful conditions. 

• The goal of this project is to use directed evolution approaches to improve biomass yields, showing 
tolerance at high pH, O2 concentrations, and temperature. The team and management approach described 
are appropriate for this project. The presentation did not provide a description of progress to be achieved 
through tasks, milestones, and go/no-go decision points, providing an inadequate assessment of progress 
for the project. The presentation would have benefited from a discussion of risks and mitigation 
strategies. The main approach of the project is to systematically adapt and evolve strains under high pH, 
high temperature, and high O2. The approach is sound. The impact of the project was described more as 
goals for the project rather than impact to the BETO program and to future efforts. The team has been 
able to map strain performance boundaries under different stressors and has evolved high-productivity 
(>60%) strains under high light and high O2 concentrations. The team has achieved productivities in 
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excess of 35 g/m2-day for Picochlorum and 20 g/m2-day for Nannochloropsis strains in simulated PBR 
cultivation. They are performing omic analysis of the adapted high-productivity strains. This is revealing 
the main gene cluster interactions for redox sensing that may be important to successful adapted strains. 
The team is working on field trials for adapted strains where productivities remain at 10–13 g/m2-day, 
requiring further field adaptation. The project outcomes discussion would benefit from more detailed 
information on milestones reached and elaboration on milestones remaining to achieve success. 

• The management team has several projects together and seems well suited for success in this project. It is 
difficult to discern how work with the Nitzschia diatom as part of the collaboration with GAI in an 
APEX project will complement these efforts. It seems likely that these strain development pipelines 
converge, but that synergy or overlap is not clear. Directed evolution is capable of yielding field-ready 
progress in a short period of time with great genetic stability and seems like a reliable approach for this 
strain development. It is unclear how organism consortia are being established, what goals are associated 
with that consortium development, or how that consortium’s role in the community or overall biomass 
composition will be analyzed. It seems highly likely the productivity goals for this project will be met. 
The impact of this work will be determined by GAI’s ultimate go-to market strategy and its success. The 
omics toolkit developed for transcriptomic networking could be useful in determining underlying 
mechanisms responsible for strain performance. Recent go/no-go growth rates demonstrate tangible 
progress, and expectation of reduced outdoor growth rates seems reasonable though perhaps somewhat 
speculative. The results from the first adaptation trials outdoors are not promising, and it may be 
appropriate to calibrate expectations of adapted outdoor strain performance to this outcome. Lab results 
in isolation are impressive, but with limited time left for field testing during the period of performance, it 
seems likely that this work will not result in an advancement over GAI’s existing benchmark or the 
BETO SOT. 

• The project seems to especially emphasize the use and results obtained using PBRs. Mention is made of 
a consortium that may be deployed outdoors in Kauai without corresponding presentation regarding 
efforts or results. PBR growth rates exceeding 30 g/m2/d are presented with outdoor growth rates 
between 20 and 30 g/m2/d for very short (3- and 4-day) durations, with the balance of outdoor trials in 
slightly higher-pH media in the 10–15-g/m2/d range. The project is approaching final tasks with the 
especially important summer period for field trials in Kauai that will be the final measure against the 
project goal and end-of-project milestone. 

• The team proposes to use directed evolution to improve biomass yield of a high-performing strain grown 
by GAI. Their approach is to evolve a more tolerant strain to high pH, high temperature, and high 
dissolved oxygen concentration. The project performers seem to have a clear management plan while 
leveraging expertise from the different investigators. Risks involved in the execution of this project are 
not identified, and mitigation strategies are not outlined. Directed evolution is a well-known approach 
successfully used to evolve strains with improved productivity in the presence of environmental 
stressors. The team’s approach in using directed evolution to improve a high-performing strain that, if 
successful, will increase biomass productivity ≥24 g/m2/day. This has clear relevance to BETO’s mission 
and MYPP goals. Successful use of directed evolution is dependent on a very good experimental design. 
This project’s approach to first map temperature, pH, and oxygen optima and then adapt to each stressor 
is a great approach using the right bioreactor setup that mimics outdoor conditions. Additionally, the 
team leveraged transcriptomic network-based analysis in identifying key genetic and metabolic markers 
in adapted high-productivity strains. Indoor performance typically does not translate to outdoor 
performance. The team set an indoor productivity target of exceeding 30 g/m2/day to increase the 
chances of reaching 24 g/m2/day outdoors. Outdoor performance of the adapted strain was not superior 
to the wild-type strain in biomass productivity at normal environmental conditions but showed outdoor 
testing of the adapted strain in summer will be crucial to understanding productivity of the strains at high 
pH, temperature, and oxygen. This project has a potential to result in improved biomass productivity in 
the summer months. The team should consider generating indoor testing data for the high pH, 
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temperature, and oxygen in simulated outdoor PBRs to compare performance of the adapted strain to the 
wild-type strain. The team has made significant progress in adapting a strain and developing an omics 
toolkit to understand genetic and metabolic markers in the 2 years of the project. Overall, the project 
seeks to address key research needs stated in BETO’s MYPP with the goal of developing strain 
improvement toolkits and technologies for improved biomass productivity. 

PI RESPONSE TO REVIEWER COMMENTS 
• The PEAK project is focused on improving productivities and developing improved strain robustness 

under high pH, temperature, and oxidative stress conditions. The APEX project is focused on improving 
carbon partitioning to lipids. Ultimately, we would like to attain a high-productivity and high-lipid strain. 
The PEAK project is poised for multiple summer 2021 campaigns that we think are likely to meet the 
targeted goals of this project (24 g/m2/d) for a summer growth campaign. The primary risks the project 
face are the stability of evolved strains during the transition from laboratory to outside culturing. To 
mitigate risk, we are testing three independent organisms and evolved strains in each of these lines. As 
advised, we are collecting extensive data sets comparing the reference strain to evolved strains in 
laboratory bioreactors. Lastly, omics assets are in place to explore strain stability during this summer’s 
outdoor testing. 
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SUCCESS THROUGH SYNERGY: INCREASING CULTIVATION YIELD 
AND STABILITY WITH RATIONALLY DESIGNED CONSORTIA 
Los Alamos National Laboratory and the New Mexico Consortium 

PROJECT DESCRIPTION 
The commercialization of algal biofuels will not be 
realized until major technical and economic barriers 
are overcome, as there continues to be a need to 
improve culture productivity and stability, as well as 
better understand these metrics at commercial scales. 
In this project, we address these knowledge gaps by 
conducting research to increase yield of outdoor 
cultures through the rational design of consortia. Specifically, we implemented a stepwise process to 
biologically and ecologically engineer consortia consisting of multiple Nannochloropsis species and strains 
and growth-promoting bacteria. To construct intrageneric Nannochloropsis consortia, we matched species to 
known environmental conditions and biotic challenges at our field site to improve productivity in the spring 
and fall transitional periods when temperature dynamics differ significantly from summer cultivation optima. 
Second, we overcame the limitations of traditional bacterial screening by using a novel high-throughput tool 
(HiSCI: High-throughput Screening of Cell-to-cell Interactions) to isolate and select specific bacterial partners 
that enhance productivity. Additionally, we sequenced new Nannochloropsis strains (contributing to the 
repository of algal genomes for the scientific community) and developed molecular tracking tools for this 
taxon. Our implementation of technological improvements—with a focus on rationally designed cultures and 
consistent biomass composition—helps generate an economically viable route to improve algal productivity 
and biofuel yield. 
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Photo courtesy of Los Alamos National Laboratory and the New Mexico Consortium 

COMMENTS 
• The goal of the project by Los Alamos National Laboratory and the New Mexico Consortium is to 

increase yield and stability of open outdoor ponds to address the current challenges of low productivity 
and stability due to environmental stressors. The team had a clear management plan with a well-defined 
task structure and leads. They identified risks and implemented mitigation strategies, as well as 
established channels of communication and collaboration amongst team members. The team’s approach 
in combining strains of Nannochloropsis with complementary traits is innovative and critical to 
overcome low productivity due to light, temperature, and salinity perturbations in outdoor ponds. This 
approach resulted in productivities greater than average monoculture productivities. This project also 
implemented an algal-bacteria consortia that showed increased growth rate compared to monoculture 
base strain, as well as improved stability and recovery in perturbation studies. This is a significant 
accomplishment of this project. The team also developed toolkits like the microfluidics 
screening/culturing pipeline to identify probiotic bacteria, consortia libraries, and genome sequences of 
novel Nannochloropsis strains. The team should explore the impact of bacterial consortia on OD 730 as 
a readout for improved strain. The project had a good balance between lab-scale and outdoor testing, 
which is crucial to demonstrate feasibility of the proposed technology. Outdoor testing of the algal-
bacterial consortia did not show significant improvement in productivity over baseline strain. The project 
made significant progress toward increasing productivity and stability in outdoor ponds during the 3-year 
period. The commercialization potential of the approach given that the algal-bacterial did not show 
significant improvement in productivity over the baseline strain is not clear. Overall, the project seeks to 
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address key research needs stated in BETO’s MYPP with the goal of developing strain improvement 
toolkits and technologies for improved biomass productivity. 

• The goal of this project is to increase the stability and yield of open outdoor cultivation systems by 
engineering the composition of intrageneric algae and algae-bacteria consortia. The team and 
management plan described are appropriate for this project. Progress was described through tasks, 
milestones, and go/no-go decision points, providing an adequate assessment of progress for the project. 
The presentation would have benefited from a discussion of risks and mitigation strategies. The approach 
incorporates a novel high-throughput microfluidics screening method able to characterize the effect of 
combinations of algae-algae and algae-bacteria consorts on growth performance. The approach relies on 
a culture in a bead system, which is highly controlled and at the same time quite limiting, as culture 
stability and growth is completely dependent on efficient cell-to-cell interactions within the microfluidic 
bioreactor. This may not represent an ideal situation for such cultures. Nevertheless, it is a good starting 
point for artificial creation of a microbial consortium. The consortia are then grown under different 
stresses and beta trials. The impact of the work was described through the mitigation of crop productivity 
and stability within environmental perturbations and the development of high-throughput 
screening/culturing tools, consortia libraries, genome sequencing, and diagnostic assays. The team has 
already published some of the work. The discussion would benefit from details on the PEAK challenge 
goal and how it feeds into the BETO targets. The project has shown that the engineered consortia are 
most effective in stabilizing the cultures when there are significant environmental stresses, with gains in 
productivity observed. Establishing methodology to take the consortia straight to field trials is seen as a 
best practice. Nevertheless, challenges with competition with natural pond consortia will need to be 
understood and addressed. The presentation would benefit from more details on milestones achieved and 
remaining to be performed through the rest of the project. 

• The project’s plan to test and evaluate the possible opportunities of algal-bacteria consortia is novel and 
potentially may produce growth rates higher than monoculture. The initial results presented suggest a 
minor improvement may be possible. The project did not discuss the scales used in testing but 
emphasized the conclusion to implement testing straight to the field as a best practice. The project is on 
its concluding phases, and unfortunately the presentation did not present any data or supporting 
information in support of the project goal and the end-of-project milestone. 

• The structure and organization, communication methods, and data sharing are well-defined and 
described. Risk mitigation methods are thought-out, especially the engineering runs prior to the shot on 
goal and the backup culture maintenance at multiple sites, especially during COVID. Nobody seems 
overstretched or tasked with too many deliverables. The approach is fairly standard, identifying optimal 
conditions in bioreactors prior to moving to fieldwork, but the role of high-throughput screening is not 
completely clear. It seems more like shotgun sequencing, as it is explained here. The amplicon tool is 
certainly helpful—there is improvement on consortia vs. baseline. Field results seem not closely tied to 
bioreactor results, but this is fairly typical for everyone. Since outdoor cultivation invariably results in 
some sort of bacterial consortia, it’s a matter of whether the ones wanted are present or not, or if the ones 
that aren’t wanted are present or not, and a rapid method to determine this is certainly useful. The 
heat/cold shock protein protection from the consortia looks very interesting. Product quality data from 
the consortia would be great to see, as well as more outdoor trials, as the PI noted. 

PI RESPONSE TO REVIEWER COMMENTS 
• Many thanks to the Review Panel for their time and thoughtful responses. The primary goal of this 

project was to improve the productivity and robustness of algae strains against environmental 
perturbations by eco-engineering of intergeneric algal consortia and algal-bacterial consortia. Our end-
of-project milestone was focused on conducting research that led to productivity and yield targets of >18 
g/m2/d and >117 GGE/ton, respectively, extrapolated from fall cultivation values (14 g/m2/d) with 
consistent biomass composition. Significant effort was made to test lab phenotypes in the field prior to 
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the PEAK challenge (two field trials were conducted early in the project to validate lab-scale results). 
Nevertheless, as mentioned by the reviewers, translating lab-scale improvements in robustness and 
productivity proved difficult. With respect to Nannochloropsis consortia, lab-based environmental 
simulations demonstrated that (1) functional diversity along axes of light, temperature, and salinity was 
present across Nannochloropsis species/strains, and (2) Nannochloropsis consortia productivity was 
greater than average monoculture productivity. We conducted these comparisons at a variety of scales 
from well plate (5 mL) to flask (250 mL) to bioreactor (500 mL). However, the specific environmental 
conditions in our short-term field trials may not have perturbed the cultivation system long enough to 
validate what was observed in the lab. Thus, our working hypothesis is that consortia are most likely to 
be advantageous over longer periods and under sustained to frequent suboptimal conditions, which was 
beyond the scope of this project. With respect to algal-bacterial consortia, lab-scale experiments 
demonstrated that bacteria can influence the productivity and/or stability of Nannochloropsis. We used 
high-throughput screening instead of a functional approach due to the resource (namely time) constraints 
of the project. We demonstrated improvements with metrics beyond optical density (i.e., chlorophyll 
fluorescence, photosynthetic yield) due to the confounding effects of bacteria in measuring biomass. As 
in the algal consortia, these productivity improvements were condition-specific (volume, shaking, 
temperature) and were easier to control and replicate in the lab. Moreover, open ponds added a level of 
complexity with the introduction of environmental bacteria; additional research is required to advance 
the application of engineered bacteria in open systems. 
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DEVELOPING ADVANCED GENETIC AND SYNTHETIC BIOLOGY TOOLS 
FOR IMPROVED ALGAE PRODUCTIVITY 
University of California, San Diego 

PROJECT DESCRIPTION 
The primary goal of this project is to develop the 
advanced genetic tools, breeding, and high-
throughput screening technologies that will advance 
the entire algae biotechnology field and enable 
economic viability of algal biofuels through 
production of high-value coproducts. We 
demonstrated the utility of this approach by applying 
these tools to commercial production strains of algae and cyanobacteria to advance the technology from the 
starting baseline state (technology readiness level 3, proof of concept) to demonstration at the pilot scale with 
our commercial partners, Algenesis and Reef (technology readiness level 6, prototype demonstration in a 
relevant environment). We have accomplished a significant portion of these goals and demonstrate this by 
rapidly producing the SARS-CoV-2 spike protein in algae, a critical tool for measuring antibody response in 
vaccinated individuals, and by demonstrating high levels of protein expression in commercially relevant algae 
and cyanobacteria strains. We were able to develop a process to take algae oils and convert them into two 
different polyurethane precursors, polyols and isocyanates. The development of bio-based isocyanate is 
potentially a game changer for the polyurethane industry. With Algenesis, we have turned the polyols into 
commercial products—to date footbeds and outsole of flip flops and shoes—that will be commercially 
available in spring 2021. We are now characterizing biomass productivity and lipid and protein accumulation, 
using TEA and LCA to evaluate the impact of coproduct production on the overall environmental and 
economic impact of these on biofuel production at the pilot scale. 
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Photo courtesy of University of California, San Diego 

COMMENTS 
• It seems like roles and responsibilities are defined, although it would have been helpful to see more 

detail on communication strategies. It’s great that everyone is close enough to chat frequently, but some 
documentation around decision-making would have been good here. It’s almost a standard design now to 
do some synthetic biology thing, grow it up in a bioreactor, run some sort of -omics on it, and then put it 
outside. The empirical breeding method, though, is great and it seems like the team has come to the same 
conclusion that many others have with the TEA: It’s not necessarily feasible to make only one product 
and expect that one product to yield all the profit necessary to achieve the financial goals. Excellent work 
on the commercialization of polymer starting reagents—targeting the fine chemicals and starting 
materials for semisynthesis is a great idea, as it minimizes both the economic risk of having minimal raw 
materials suppliers (often all the same raw materials suppliers who can be promising pie-in-the-sky, 
“Sure, I can make you 1,000 kg of dinitropyrazolopyrazole/ triazidomethane”) and the ecological risk of 
making those materials from petrochemical starting materials. Be really, really careful about the protein 
therapeutics. They certainly make any economic analysis look great: current cost of goods of many 
monoclonal antibodies runs anywhere from $100–$500/g, so any way to make it cheaper is fabulous. 
Unfortunately, another partner even beyond the German company mentioned may be needed. Typically, 
MALDI-time-of-flight sequencing, circular dichroism, and nuclear magnetic resonance and X-ray to 1A 
resolution if possible; glycosylation and furin cleavage modification; immunogenicity in Balbc, B6, and 
NHP with cytokine profiles; as well as longer-term splenic beta activation and repeat exposure for 
sensitization are now required as part of preclinical tox studies. Also, for vaccine type of things like 
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COVID-19 spike, they also want epitope mapping to some degree. It’s a notorious problem that Epogen 
in CHO cells can’t even be made anymore, as people who need repeat infusions develop antibodies to 
the neuraminic acids. Some have resolved this with lec mutant CHO lines, and some have switched to 
HEK293, but it’s definitely a big question to be answered before anyone could take it very seriously. 
Tox screening for immunogenicity in humans is expensive, lengthy, and beyond the scope of any 
academic lab, and it’s definitely a deal breaker. The commercialization of the starting material for 
polymers is excellent. The flow chemistry in particular is a nice touch that makes it more readily 
adoptable from a health and safety standpoint—continuous processes are extremely efficient with CapEx 
and OpEx, and highly amenable to automated control. Growth in ponds is also great. 

• The co-location of the small UC San Diego team caters well to close collaboration. Work with Algenesis 
will steer work toward commercial products. The role of GAI in this project is unclear. GAI may plan to 
commercialize strains developed in this project, but that has not been clearly communicated. Small 
raceway ponds and dewatering technology should be available as part of the existing UC San Diego 
facilities. Strain engineering and breeding strategies seem sound generally, but there is almost no 
description of how these critical steps or any other strain development steps will be approached. The 
same is true for the production process. A picture or general process flow diagram is a useful illustration 
to help substantiate an explanation of work, but it does not communicate approach on its own. With no 
details provided, it is difficult to give this approach a thorough review, even though the work seems 
promising based on the superficial insight reviewers have been given. Deliverables do not seem to be 
tied to any quantifiable metrics, and there is no indication that growth rate, biomass, or product yield are 
tracked or reported at all in this project. Breeding strategies seem to be a rational way to stabilize 
impactful traits without the stigma or regulatory challenge of GMOs, but the combined engineering and 
breeding strain development strategy appears to nullify the regulatory advantage of using traditional 
breeding strategies. This team’s partnership with Algenesis has yielded tangible polyol products and 
offset the use of petrochemicals in the process. These products do not represent a major contribution to 
bioenergy markets, but this is a serious and impactful development for this project team and the industry 
generally. Production of a SARS COVID spike protein is not unique to this work but is significant and 
demonstrates the future viability of a new range of high-value biotherapeutic products that have the 
potential to drive commercialization of algae. GRAS (generally recognized as safe) status was granted 
for an algae strain during the course of the project. That deregulated status will ease use of this strain for 
this project and for future work. Rapid validation of COVID spike protein demonstrates rapid 
adaptability of this platform for recombinant protein development, making it viable for high-value 
product development. BASF partnership demonstrates viability of bio-based isocyanate products. 

• The goal of the project is to develop advanced genetic tools to generate relevant industrial strains of 
algae and cyanobacteria. The team and management approach described are appropriate for this project. 
The presentation did not provide a description of progress to be achieved through tasks, milestones, or 
go/no-go decision points, providing an inadequate assessment of progress for the project. The 
presentation would have benefited from a discussion of risks and mitigation strategies. The team 
incorporates new innovative approaches to molecular engineering, breeding, and high-throughput 
screening to develop strains with specific products. Targets include proteins and polyurethanes. The 
impact of the project was described based on the interest of relative industrial partners for each of the 
targets. The presentation would benefit from the addition of relevant impact to the BETO programs. The 
team has demonstrated synthetic, breeding, and mutagenesis and stacking of these approaches in algae. 
They have developed a pipeline to rapidly engineer organisms and have shown this pipeline for 
expression of the SARS-CoV-2 virus spike protein in Chlamydomonas. They have also developed new 
chemical conversion pathways for carboxylic acids to isocyanates. Next steps will be to take breeding 
experiments that stack performance traits in Chlamydomonas to a pilot demonstration. The presentation 
would benefit from discussion of quantitative yields; this should be done for the production of new 
mutants, generation of proteins, and even chemical conversion yields for the isocyanates and 
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polyurethanes. This will provide a better assessment as to ability of the project to reach the goals of the 
PEAK FOA. 

• The project team and work plan are intentionally organized to use laboratory and applied research to 
inform and guide commercial applications and engage commercial partner interests and resulting 
business opportunities. The examples of focus, clear thinking, and targeted outcomes can be used as a 
case study by BETO and other interested parties to showcase how opportunities of algal biomass 
commercial potential can be defined, developed, and delivered into the market. The project 
acknowledges and appreciates algae’s fuel opportunity but also appreciates the scale, policy, and 
technology hurdles that remain. The project’s development—especially of polyurethane and its many at-
hand applications and ready commercial partner adopters—is clearly in support of many of BETO’s 
primary goals. The presentation establishes the achievement of the project goal and the end-of-project 
milestone. The opportunity grasped, and timely relevance of producing the SARS COVID spike protein 
in algae and its potential application for use in an oral vaccine, may be yet another tremendous benefit of 
the project that could not have been envisioned at its inception. 

• This project focuses on developing synthetic biology, high-throughput screening, and breeding tools to 
accelerate improvement in industrial strains of green algae and cyanobacteria and is of clear relevance to 
BETO MYPP goals. The project performers seem to have a clear management plan while leveraging 
expertise from the different investigators. However, the team needs to provide more clarity on channels 
of communication and collaboration. Risks involved in the execution of this project were not identified 
and mitigation strategies not outlined. Their approach to combining synthetic biology, breeding, and 
mutagenesis to rapidly evolve an improved strain is innovative, and if successful will be incredibly 
valuable across the industry. The team should consider applying this strategy to improve biomass 
productivity. Overall, the team has made significant progress toward the goals mapped out at the 
beginning of the project. They have demonstrated production of the SARS COVID spike protein in 
algae, as well as engineered algae to produce high-value polymer coproducts. They have developed a 
process to convert algae oils to polyols and isocyanates that is currently a commercial product with 
Algenesis. However, the team did not demonstrate an increase in biomass productivity with the 
engineered strain compared to wild type during the PEAK challenge. 

PI RESPONSE TO REVIEWER COMMENTS 
• GAI provided state-of-the-art sloped raceways ponds and harvesting equipment for the PEAK challenge. 

They have served as consultants to help us optimize the growth process and maximize pond productivity. 
Initially in the grant, we were going to use their production strains, but we were unable to develop 
transformation tools for their green algae strain, so alternative strains were used. Papers detailing the 
methods used for strain improvements have been published: Fields et al. 2019, with two additional 
papers under review (Berndt 2021 and Sproles 2021). Growth rate, biomass production, and product 
yields are measured at both lab and pilot scale and have been included in reports and publications. 
Because of the scope of this project and the number of tools that were being developed, there was 
insufficient time to detail all of the risk mitigation strategies. To address mitigation strategies in general, 
key participants hold biweekly Zoom calls and actively coordinate by email to address specific technical 
challenges. Many of the objectives are well contained within each group’s expertise and abilities, so 
developing the different tools is clearly delegated than may have been obvious in the presentation. 
Additionally, monthly calls with the BETO team and quarterly reports are also used to ensure progress is 
tracked. All of the tools and strain improvement strategies developed in this project are being used now 
to improve biomass productivity and will be available to the general algae community for their use in 
any future projects to advance biomass productivity. Breeding work is being conducted at lab and pilot 
scale to further the biomass productivity and recombinant protein titers. Growth rate, biomass 
production, and product yields were measured at both lab and pilot scale and have been included in 
reports and publications. We did not mean to imply that we would ever produce an injectable therapeutic 
as a coproduct. We understand the complexity of making injectable drugs, as outlined above. We 
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imagined that COVID spike protein produced in algae could be a useful reagent for monitoring antibody 
titers after vaccination to determine when a booster shot might be required. This project also allowed us 
to determine just how rapidly we could create a high-value production strain. The protein coproducts that 
we envision are more likely functional food and nutraceutical, which are both high value and do not need 
extensive purification when produced in an edible algae like ours. For those reasons, we have chosen to 
focus our studies on the human and animal nutraceutical osteopontin.
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A COMPREHENSIVE STRATEGY FOR STABLE, HIGH-PRODUCTIVITY 
CULTIVATION OF MICROALGAE WITH CONTROLLABLE BIOMASS 
COMPOSITION 
University of Toledo 

PROJECT DESCRIPTION 
For algal biofuels to replace fossil fuels, it is 
imperative that cultivation systems are not 
constrained by (1) proximate availability of flue gas 
or other high concentration CO2 sources, or (2) the 
energy and infrastructure burden to deliver CO2 over 
long distances. Our project is investigating the 
cultivation of microalgae in high-pH and high-
alkalinity media (pH greater than 10, alkalinity greater than 100 mEq) to achieve high biomass productivity 
and culture stability. Our cultivation media comprise high concentrations of DIC (greater than 60 mM) at pH 
values higher than 10. As alkaliphilic cultures grow, bicarbonate is taken up by the algae and CO2 is abstracted 
and fixed while hydroxyl ions are released. In parallel, due to the high pH of the medium, gaseous CO2 is 
dissolving into the culture medium at a rapid rate even from ambient air. The resulting high alkalinity in the 
growth medium ensures that sufficient bicarbonate remains available in solution for continued carbon fixation. 
At night, when photosynthesis is absent, the bicarbonate depleted from solution during the day is replenished 
via transfer of CO2 from the atmosphere. Our results show that a fall season biomass productivity of ~16 g 
AFDW/m2/d achieved with Chlorella sorokiniana SLA-04 can be supported on atmospheric CO2 alone (i.e., 
without any inputs of concentrated CO2). We have shown that borate is an effective rate promoter that 
enhances atmospheric CO2 mass transfer and is compatible with microalgal cultures. We are also developing 
molecular toolkits that consist of metabolic and ecological models to be used for the prediction of optimal 
cultivation conditions. Lastly, CRISPR-based genome editing methods are being developed to enhance the 
productivity of strain SLA-04.  
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Photo courtesy of University of Toledo 

COMMENTS 
• The large and geographically disperse nature of the consortium creates an inherent risk for project 

management and communications and adds complications to reproducibility and risks that have only 
been superficially mitigated with a communications plan. Control of biomass composition is impactful 
but not novel. The same is true for the high-pH and high-alkalinity culturing conditions. Work seems to 
lack focus and does not appear geared toward commercial applicability now or in the long term. The 
amount of effort dedicated to TEA for such a small scale and modeled system makes the entire project 
seem like a mostly paperwork exercise with very limited verification of assumptions or conclusions in a 
natural environment. These models seem much more sophisticated than the ability to verify assumptions 
and conclusions. Decoupling lipid production from nitrogen starvation is impactful. The end-of-project 
goal to isolate one or more isogenic mutants for testing seems like a preliminary step instead of a final 
deliverable. Genome editing has not worked, and the goal or expected outcome of this work including 
gene target is not clear. It is not clear how labeling of active microbial community and characterization 
of this community in Task 3 relates to metabolic network development in Task 5. Many of the final 
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deliverables seem like they are only intermediate steps in strain development or improved CO2 
utilization. There appear to be few tangible outcomes or metrics of progress presented for this project. 

• The aim of this project is to develop cultivation approaches that use high-pH and high-alkalinity media 
to promote high rates of DAC capture and provide non-limiting HCO3 concentrations for growth. The 
team intends to do this by optimizing media and cultivation conditions for higher carbohydrate and lipid 
contents, as well as developing a molecular biology toolkit to further improve productivity, composition, 
and robustness. The project goals are ambitious but achievable, building upon previous work in this area. 
The team had a clear management plan with a well-defined task structure and leads. They did not address 
risk and mitigation strategies but outlined established channels of communication and collaboration 
amongst team members. Their approach to improving CO2 utilization using high-pH and alkaline media 
is well established in the field. However, a major challenge is low productivities of strains that strive in 
these conditions. Combining this with a process model, metabolic flux model, and diverse molecular 
biology toolkits to further understand alkaliphilic algal community dynamics for improved culture 
stability and productivity is innovative and improves the team’s ability to succeed. This project supports 
BETO MYPP milestone of developing technologies that increase the mature modeled value of cultivated 
algae biomass by 25% over 2019 SOT baseline, as does developing strain improvement toolkits. 
Progress has been made toward establishing baseline cultivation productivity, process modeling 
describing inorganic carbon mass transfer, and diverse molecular toolkit development, but not in 
isolating a mutant strain with improved biomass productivity or in media and process condition 
optimization. The team identified borate as an effect promoter of CO2 mass transfer but did not 
demonstrate improved biomass productivity using borate. The team should consider indoor testing of 
outlined strategies using outdoor-simulated conditions to gain understanding and assess performance of 
strains in high-pH and alkaline media before outdoor testing. 

• The goal of this project is to develop algae strains that are effective growers under high pH and high 
alkalinity to enhance atmospheric CO2 capture and utilization. The team and management plan described 
are appropriate for this project. The risks and mitigation strategies are clearly delineated for this project 
through a thorough discussion of critical success factors, challenges, and mitigating strategies. Progress 
was described through tasks, milestones, and go/no-go decision points, providing an adequate 
assessment of progress for the project. The description of the approach was based on an understanding of 
CO2 dissolution kinetics and bicarbonate transport and utilization by algal cells. This is relevant but 
provides very little understanding of what technologies and methodology are being developed to 
overcome these limiting factors. The impact of the technology being developed was addressed both at 
the success of the project goals and toward the BETO overarching goals. The team has shown cultivation 
improvements that hit the FOA productivity targets. They have developed a process model for CO2 mass 
transfer. They have shown that borate is an effective promoter for CO2 mass transfer. They are working 
on microbial community characterization, including transcriptomics and metabolomics, under high- and 
low-alkalinity conditions. They are working on developing a metabolic network analysis for strain 
Chlorella sorokiniana SLA-04 that will be used to inform genome engineering through CRISPR/Cas9 
editing. Concurrently, they showed process economics modeling that will inform impacts of cultivation 
changes to final targets. The project is only partially costed, and they have made very good progress. The 
presentation would benefit from more discussion on how the microbial community characterization will 
be used to help improve outcomes. 

• The project is working to achieve very important progress in helping attain critical cost and strain 
performance improvements needed to achieve BETO’s MYPP and other program goals. It has long been 
appreciated that the cost of CO2 and the reliance of algae growth platforms needing to be located near 
available sources of CO2 are serious impediments to viable commercialization. Similarly, it is also 
recognized that under proper pH and supplemental process conditions, atmospheric CO2 can be captured 
into the growth media. A primary obstacle to deployment of these opportunities is the real limitations of 
algae strains of interest performing in the same conditions. This work presents the technical bases for 
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atmospheric capture of CO2 and developing and managing other important process conditions while 
growing productive algae strains in the high-pH and conditioned media. The resulting TEA 
improvements are reasonable and believable. Despite delays due to COVID, the presentation provides 
sufficient information to gauge that substantial progress is being made toward the project goal and end-
of-project milestone. 

• This is a great project. The management strategy is very solid and established. Communication methods 
are various and frequent. Data sharing is clear. Risk mitigation is done with lots of different sets of eyes 
looking for potential issues, which is exactly as it should be done. Replicates were run at different sites 
to validate original findings and ensure that all data are real. The approach is great. Strong theoretical 
background used to explain empirical observations, complete with real replicates from different sites to 
ensure repeatability and accuracy—this is exactly how science should be done. The goal is to eliminate a 
need for sparging, essentially. The connection between lab bench and commercialization requirements is 
very clear, and the goals are achievable, realistic, and critical to the success of algae production at 
commercial scale. Despite COVID-19, excellent progress has still been made with a lot of good results. 
It’s also great that the mass balance and metabolic flux were worked both forwards and backwards to 
ensure they were correct ensuring that the model was representative of what was happening in the field. 
Some notes: CRISPR/Cas9 is a very promiscuous system; it likes to make changes 
here/there/everywhere. For that reason, the team may have to come up with some way to block it once it 
has done its job, which can be annoying. It would have been great to hear more details about the team’s 
SLA-04 strain (understand there is limited time). 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their largely complimentary comments of the project focus, approach, 

management, and progress. Reviewers 1 and 4 inquired how labeling of active microbial community 
members and characterization of this community in Task 3 relates to metabolic network development in 
Task 5, and how the microbial community characterization will be used to help improve outcomes. In this 
project, we are determining active and inactive members of the microbiome under different growth 
conditions to aid in identifying the important community members. We have the capability of separating 
active and inactive community members from each other using either fluorescently labeled cell sorting or 
single-cell isolation using laser tweezers. Once the phylogenetic identity and ultimately the genome 
sequence is available for the active community members, metabolic models can be developed, which will 
be combined with the metabolic model for SLA-04 to create community-scale models. These will be used 
to predict optimal cultivation conditions.  

• Reviewers also commented on the use of borate. In this regard, we would like to clarify that borate is a 
CO2 rate promoter—i.e., it improves CO2 mass transfer from the atmosphere into the cultivation medium 
such that DIC used in photosynthesis is replenished from the atmosphere more rapidly. Borate does not 
independently support higher growth rates in media not limited in bicarbonate.  

• Additional reviewer notes relate to the mass-transfer modeling effort. Some reviewers appreciated the 
theoretical rigor, but there were also questions related to the utility of the model. The model serves two 
purposes: (1) assessment of atmospheric CO2 capture rates for mass balance verification and (2) 
development of strategies to enhance these rates. In this project, we are focused on the first aspect—i.e., 
using the model to assess DAC rates. Improvements in DAC are outside the scope of this project. 
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MICROBIOME ENGINEERING OF DESMODESMUS TO ALLEVIATE 
CARBON LIMITATION 
Lawrence Livermore National Laboratory 

PROJECT DESCRIPTION 
Roughly half of the carbon photosynthetically fixed 
by microalgae is lost through extracellular exudation 
of dissolved organic matter. In high-biomass-density 
ponds, algal cells are also CO2-limited and stressed 
from overproduction of O2 from photosynthesis. In 
summer conditions, high light and temperature 
stresses further decrease algal photosynthetic 
efficiency. To reach the goal of 26 g/m2/day ash-free dry weight produced during summer months, and using 
Desmodesmus strain C046 as a model system, our research aims to ecologically engineer the algal microbiome 
to enrich for bacteria that efficiently remineralize dissolved organic matter to CO2 and simultaneously remove 
O2. Our approach is to examine the microscale interaction between surface-attached bacteria and the 
Desmodesmus cells and use high-throughput sorting and screening with microfluidic incubation chambers 
developed by our industrial partner General Automation Lab Technologies. Using a combination of assays for 
dissolved organic matter, microbial community analysis, and algal growth quantification, we identify 
individual microbiome components with desired characteristics, such as high respiration rates and efficient 
dissolved organic matter removal. In addition to alleviating CO2 limitation and O2 toxicity, the outcome of this 
synthetic ecological engineering approach will decrease algal pond dissolved organic matter at harvest, which 
is a wasted resource and a supply of organic pollution if released into the environment, and which enables 
colonizing and possibly detrimental microorganisms to more easily invade the pond community. Our work 
includes scaling microbiome effects on algal growth from microwell to 100-L scale and the development of 
toolkits to be made available to the research community, including (1) a high-throughput assay approach for 
screening the effect of tens of thousands of distinct microbiomes on algal growth and (2) a medium-throughput 
assay for screening hundreds of microbiomes for high respiration and recycling of dissolved organic matter. 
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COMMENTS 
• Close collaborations with other contamination control and microbiome experts seem appropriate to 

facilitate rapid dissemination of results and translation of new insights into actionable recommendations. 
Project risks seem well understood, but the mitigation strategy for translating results to outdoor settings 
seems inadequate. General automation technologies such as high-throughput screening paired with 
microbiome engineering seem to have practical potential. Targeting mutualisms beneficial to algae 
during heat and light stress seems like an appropriate constrained target for a potentially vast field of 
research. 16S rRNA sequencing may not give the detailed picture of the microbial community makeup 
required to engineer effective microbial consortiums. Whole-genome sequences paired with 
transcriptome analysis of heat and light stress challenges may give a more complete picture of 
community composition and activity, even without mechanistic understanding of mutualisms. Looking at 
inter-microbial flux and developing the tools to do so well has huge potential to illuminate mysteries 
about mutualisms in this field and much more generally. Presentations and posters do not seem like 
impactful work products, but progress toward project goals is impactful. GALT method development 
seems especially impactful for long-term microbiome engineering work. Discovery that these 
microbiomes do not have a significant effect on the chemical composition of the biomass is very 
significant and unexpected. This work points to the near-term feasibility of ecosystem engineering for 
large-scale algal cultivation. Engineered microbiomes are only marginally better than native 
microbiomes, though indicating a downselect for those communities most likely to participate in 
mutualistic relationships with algal strains could be beneficial. The team does not appear to have met its 
milestones and objectives at this point, but progress seems clear. The clearest picture of project outcomes 
will only be available once this team has completed outdoor testing as part of Task 3. 

• The extensive collaborations and reporting are good; it would have been helpful to see more about 
project management, roles and responsibilities, and how data are shared here. It seems like the team is 
looking for biofilm cocultures to protect against photobleaching and heat stress by means of the 
nanowell system, but it isn’t clear how this will be scalable or validated compared to outside pond 
stressors. The lack of validation and crop protection strategy means this isn’t likely to be broadly 
generalizable. It is an interesting idea to be able to run essentially complete multi-factorial culture 
conditions in a series of the nanoreactors, but there is a lot there, which makes it a bad scale-down 
model. kLa in nanowells is definitely not going to scale. It’s not clear how you deconvolute that from 
other factors, because the shading and kLa are so critical. The project goals were met; there was 
significant improvement with the designed microbiomes over baseline. Iron limitation is an interesting 
idea—of course, iron is usually tightly controlled to prevent a lot of random Fenton reactions from 
forming reactive oxygen species, iron sequestration is part of multicellular defense mechanisms against 
bacterial infection, and there’s all the geoengineering experiments to scavenge CO2 from the air by 
causing marine algae blooms. 

• The project aims to alter the microbiome for Desmodesmus intermedius in order to increase biomass 
productivity under high-light and high-temperature regimes. The team and management plan described 
are appropriate for this project. The risks and mitigation strategies are clearly delineated for this project 
through a thorough discussion of critical success factors, challenges, and mitigating strategies. Progress 
was described through tasks, milestones, and go/no-go decision points, providing an adequate 
assessment of progress for the project. The team is implementing a microwell system for high-
throughput cultivation of combinations of the algae with diverse bacterial biomes. Successful 
combinations will be tested for performance under high light and high temperature, and effective biomes 
will be characterized. The team will use isotope tracing to understand carbon flux between organisms. 
The approach is sound and was briefly described against go/no-go decision points and metrics. 
Rescoping of outdoor testing due to the COVID situation was discussed. Impacts were provided in a 
very general way. This could be improved by providing a better understanding of the state of knowledge 
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in algae-microbial communities. The tie to the PEAK FOA can be strengthened by asserting goals for the 
project against the BETO goals. The team has been able to show microbiome combinatorial effects in 
microwell plates and has identified microbial communities that provide high algal growth under high-
light and high-temperature conditions. They have also done airborne invasion and bird guano 
contamination studies to understand effects on microbiome and impacts on growth. Future work is 
planned to understand dissolved organic carbon production and utilization between organisms and 
outdoor mini-raceway growth. It is clear that the team understands the relevance of microbial alteration 
when going outdoors, as well as impacts on the cultivation process. The presentation would have 
benefitted from a more precise level of quantitation of organisms and variations in these when 
challenged with simulated contaminating environments. 

• The project focuses on identifying strategies for altering the algal microbiome to increase biomass 
production under high-light and high-temperature conditions using Desmodesmus intermedius C046. 
Their approach of using a GALT microwell system for high-throughput cultivation under simulated 
outdoor conditions has a potential for success. The team had a clear management plan with a well-
defined task structure and leads. They identified risks and implemented mitigation strategies, as well as 
established channels of communication and collaboration amongst team members. Overall, the team 
made progress in project goals. They demonstrated the impact of microbiome on algal biomass 
productivity under simulated outdoor conditions. Their optimized microbiome showed modest 
improvement compared to baseline. It’s not clear from this project how this will be commercially 
deployed or how the optimized microbiome can be controlled in a raceway pond. Outdoor testing is 
critical to evaluate improved biomass productivity with altered microbiome. 

• The project is organized and intended to deliver important tools and strategies to ultimately enhance 
algae performance. The project incorporates the use of GALT’s technology in hopes of being able to 
facilitate high-throughput testing using nanoliter scale. This seems to have been able to achieve some 
results, suggesting improvements in algae-bacteria consortia and other performance enhancements at 
larger laboratory scales. The work appears to be delivering on possible tools for further work in support 
of BETO’s PEAK and other programs, with the ever-present caveat that the work or tools must translate 
in larger scales and outdoor conditions to deliver real, meaningful value. The presentation provides 
sufficient detail to gauge that meaningful progress is being made against the project goal and end-of-
project milestone. 

PI RESPONSE TO REVIEWER COMMENTS 
We thank the reviewers for their hard work, constructive criticism, and positive comments. Below we address 
criticisms point by point:  

• “The mitigation strategy for translating results to outdoor settings seems inadequate.” Most of the work 
for this project has been in the laboratory and at small volumes, and indeed the outdoor trials will occur at 
the end of the project, which will not leave any opportunities to change any of our cultivation parameters 
if the outdoor results do not show any statistically significant differences. We hope that the outdoor data, 
however, inform our future projects, and if the reviewer has suggestions for mitigation strategies, we 
would greatly appreciate constructive feedbacks and suggestions.  

• “Whole-genome sequences paired with transcriptome analysis of heat and light stress challenges may 
give a more complete picture of community composition and activity.” We completely agree but this was 
beyond the scope of the project.  

• “Presentations and posters do not seem like impactful work products.” We do not agree with this 
comment. We consider communicating our science to traditionally under-represented groups (Florida 
A&M, a historically black college) to be critical for increasing the diversity of science, technology, 
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engineering, and mathematics (STEM) careers. Participating in BETO-organized workshops and the 
Algal Biomass Summit are also impactful in the field.  

• “The team does not appear to have met its milestones and objectives at this point.” Indeed, our original 
goal of 100% biomass improvement was clearly an overly ambitious goal, and we rescoped after go/no-
go milestone #2. 

• “It’s not clear from this project how this will be commercially deployed and how the optimized 
microbiome can be controlled in a raceway pond.” Our project was low technology readiness level, and 
commercial development was not part of the work scope.  

• “Impacts were provided in a very general way. This could be improved by providing a better 
understanding of the state of knowledge in algae-microbial communities. The tie to the PEAK FOA can 
be strengthened by asserting goals for the project against the BETO goals.” We apologize for not being 
clear regarding the impacts of our work to general BETO goals. At the time of the FOA, Desmodesmus 
strain C046 was identified as the SOT, and we specifically decided to work with this strain so we would 
not have to spend a lot of time and effort to re-establish baselines. Thus, any improvements in biomass 
production shown in our project can be compared to the 2016 SOT numbers already established with this 
strain.  

• “The presentation would have benefitted from a more precise level of quantitation of organisms and 
variations in these when challenged with simulated contaminating environments.” Due to time 
limitations, indeed we did not show the relative changes in organisms’ abundance when the cultures were 
forcefully contaminated (note that we did not carry out microbial community analyses in the dust and 
guano incubations, since these were carried out in closed bottles with no new bacterial inputs from the 
atmosphere).  

• “It would have been helpful to see more about project management, roles and responsibilities, and how 
data is shared here.” We apologize, and we can briefly provide more information here. During our 
collaboration with GALT, Lawrence Livermore National Laboratory and GALT would meet monthly via 
WebEx, and samples were exchanged in person by meeting halfway between Lawrence Livermore 
National Laboratory and GALT (in Hayward, California). Data were exchanged via Google Drive. PI 
Mayali was responsible for all communications with GALT and spent several full days at GALT to better 
understand the procedures carried out with the GALT Prospector instrument. Since the GALT 
subcontract ended, we no longer hold monthly meetings, and communications are on an ad hoc basis.  

• “It isn’t clear how this will be scalable or validated compared to outside pond stressors.” We agree, and 
this is indeed a topic that deserves much further investment: How robust are microbiome interactions 
when the co-cultures are incubated outdoors, particularly when compared to other influences? This is 
precisely why this project aimed to examine the combination of high light/temperature and different 
microbiomes, and we are only just beginning to scratch the surface of environment-algae-bacteria 
interactions.  

• “The lack of validation and crop protection strategy means this isn’t likely to be broadly generalizable.” 
We assume by “validation” the reviewer means showing that the microbiome mutualisms also work 
outdoors (which we have not yet carried out). We are not fully clear on what the comment about crop 
protection refers to, but we do think that the strategy is generalizable, because we hypothesize that the 
microbes that confer increased algal growth under high light and temperature have adaptations for such 
environments, such as pigments. Indeed, the dominant organisms in the microbiomes, generally members 
of the Flavobacteria, are known to have pigments, and we are working toward isolating single strains for 
testing with other algal strains in future projects.  
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• “kLa in nanowells is definitely not going to scale. It’s not clear how you deconvolute that from other 
factors, because the shading and kLa are so critical.” We agree that scaling is a problem in our project and 
in most other high-throughput screening projects with microalgae, but also beyond, in any area of 
biotechnology when living organisms are asked to make products at high scale. We unfortunately do not 
have the technical expertise to solve this problem. 
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ALGAL FEEDSTOCKS LOGISTICS AND HANDLING 
Idaho National Laboratory 

PROJECT DESCRIPTION 
This research project provides solutions to feedstock 
supply and logistics challenges experienced in algae 
biofuels to reduce the risk of feedstock loss and add 
value to the biomass. The project will identify 
degradation mechanisms of algae biomass in the 
moments after harvest and before conversion, and 
develop approaches to enhance stability, optimize 
storage processes that mitigate for seasonal variation in productivity to preserve outdoor-cultivated algae and 
to increase its value, and ensure storage processes are relevant to industrial strains and commercial scale. 
Stability assessments indicate that as much as 4% of algae biomass can be lost to degradation within 4 hours of 
harvest, but losses can be reduced to 1% with active stabilization approaches. Algae productivity varies 
seasonally, with summer production 3–5 times greater than in the winter, necessitating that a portion of 
biomass from the summer be preserved for winter conversion. This project has demonstrated that >90% of 
algae biomass can be preserved for 180 days using wet anaerobic storage, which when used instead of drying 
can reduce the cost of algae biofuels by $0.32/GGE. Storage byproducts add value, further reducing the cost of 
algae biofuels. The end-of-project outcome will be a long-term stabilization approach for outdoor cultures that 
limits losses to 10% or improves biomass value by 15%, enabling $2.50/GGE biofuels. 

 

WBS: 1.3.3.100 

Presenter(s): Brad Wahlen 

Project Start Date: 04/01/2015 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $2,160,000 
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Photo courtesy of Idaho National Laboratory 

COMMENTS 
• Missing roles and responsibilities and risk management information. Communication methods and 

project goals are defined. Description of storage material stability and acidic preservation methods is 
clear; the difference between raceways vs. bioreactor material seems to indicate there is some bacterial 
degradation that led to the lactic, citric, and acetic acid methods intuitively. Primary recovery techniques 
are critical, especially when there is an alternative to drum drying and other more energy-intensive 
processing steps that would obviously affect the economic balance. Storage is certainly an issue in 
northern climates, and the method seems suitable for scaling. It’s good the team went with the Ball Book 
of Canning method as opposed to hákarl; though there is minor concern related to the handling of the 
fresh material, as bruising any plant is notorious for creating endo-oxidation (i.e., tea leaf fermentation). 
Increase in yields is incremental, but overall keeping a processing plant running year-round and 
smoothing operational peaks is extremely helpful toward commercialization efforts. 
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• The Idaho National Lab team is well positioned to collaborate with NREL standards development efforts 
and contribute to the economic viability of algae products. Participation with the DISCOVR project 
seems well suited to positive collaboration. It is unclear that the aggressive goals described are based on 
clear quantifiable metrics. It appears as though most of this work is centered in modeling efforts, but the 
specifics of the approach seem unclear. This work seems critical but also disconnected from the realities 
of any current algae cultivation paradigm. The largely modeled nature of the work for nth plant scenario 
makes it largely esoteric and hypothetical. Without market pull for this innovation, it appears to be an 
invention that does not answer an immediate need. Expanding the geography for cultivation by offsetting 
periods of low production can strengthen the reach of this industry. Go/no-go milestones appear to be 
based on observation of modeled success. The lack of field validation means that the impact of this work 
may never be realized as more than a paperwork exercise. The conclusion that community structures 
vary across treatments seems obvious and does not help address any challenges without more detail or 
actionable recommendations. 

• The project has developed very important insights regarding how the stability of outdoor-cultured strains 
that can be used as systems and processes are designed going forward. Given the costs and overall efforts 
that will be a part of every commercial-scale facility, any techniques that provide queuing stability and 
minimize biomass losses, improve product volumes, maintain quality, and beneficially impact TCA and 
LCA. These directly benefit BETO MYPP and other goals. Conceptually, the application of long-term 
storage using wet anaerobic conditions may provide many benefits. Certainly, at scale, it can be used for 
process flow equalization and help optimize the average daily capacities of other unit operations so as to 
minimize infrastructure costs and maximize available plant capacity—all essential requirements for 
long-term profitable plant operations. The technical details for the design of these storage facilities will 
need to be carefully considered as the concept is advanced. The volume size, hermicity, safety, and 
operability will be important and possibly expensive to ensure the desired outcomes. Cost and scale of 
these facilities may be quite significant and impact commercial economics. Regardless, the concept 
seems ready to advance and be refined. 

• The team and management approach described are appropriate for this project. The presentation did not 
provide a description of progress to be achieved through tasks, milestones, and go/no-go decision points, 
providing an inadequate assessment of progress for the project. The presentation would have benefited 
from a discussion of risks and mitigation strategies. The project aims to understand the metabolism of 
algae post-harvest, modes of degradation, and the fundamentals of preservation, and provide TEA 
assessments of impacts of storage treatments and processes. The approach is deemed appropriate for the 
established goal. This is a unique and critical project in the BETO portfolio. Successful preservation 
technologies and methodologies will have long-term impacts on the overall success of the portfolio and 
future BETO endeavors. The impacts across the portfolio were appropriately explained. The team has 
developed long-term storage capabilities that shows preservation of over 90% of the algae feedstock over 
180 days. They have found that addition of citric acid enhances the stability of biomass by modifying the 
microbial community. They have also evaluated the recovery of valuable organic acids (e.g., succinic 
acid) from stored biomass. The progress and outcomes of the projects research efforts were clearly laid 
out, including the impacts of the results and future work still to be done. 

• This project focuses on providing solutions to feedstock supply chain and logistics challenges that occur 
after harvest and before conversion. Previous work focused on developing long-term storage approaches 
that can stabilize algal biomass while reducing energy input in a cost-competitive manner. The team is 
building on previous work by identifying degradation mechanisms and developing approaches to 
enhance stability and optimize storage processes relevant to both industrial strains and commercial scale. 
This has clear relevance to BETO MYPP goals and addresses Aft-F and Aft-G barriers. The team 
outlined a management plan with a defined task structure and leads leveraging team expertise and 
previous experiences. They identified risks and outlined mitigation strategies, as well as established 
channels of communication and collaboration amongst team members. The team is well managed and 
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has shown tremendous progress, evident in the patents and publications. Their multipronged approach of 
understanding algae post-harvest metabolism, mode of degradation, and fundamentals of preservation 
and organic acid production, as well as developing a TEA model to understand impacts on commercial-
scale processes, is innovative and has a very high likelihood of success. Knowledge from this work can 
also be used to address nighttime loss experienced during cultivation. Significant progress has been 
made toward achieving goals outlined by the team. They have demonstrated stability during long-term 
storage using a low-cost wet anaerobic approach, queuing stability using citric acid of 15 unique strains 
from 34 unique cultivations. The team should provide more insight on treatment conditions and if/how 
biomass compositions change. The team should consider challenges of scaling wet anaerobic storage to 
the nth plant. 

PI RESPONSE TO REVIEWER COMMENTS 
• We appreciate the reviewers’ positive comments about the relevance of the project to BETO’s MYPP 

goals and its unique role in helping BETO establish an economically viable algae biofuel and bioproduct 
industry. Effective storage is critical to establishing a thriving algae biofuels industry. One reviewer 
raised that point that given the current state of the industry, storage may not be an immediate need. 
Integrated biorefineries for lignocellulosic ethanol production did not adequately address feedstock 
logistics prior to building demonstration plants. These plants struggled to operate effectively due to 
feedstock issues. Although there is not an immediate need for algae storage, preservation and other 
logistical concerns are better addressed at this stage in industry development than when multimillion-
dollar facilities are grappling with managing logistics and handling algae biomass. Solving this problem 
now could help address known concerns and reduce the risk of investing large capital in building a first-
of-a-kind plant.  

• The issue of scaling wet anaerobic storage to the nth plant design is an important consideration for this 
project. We have partnered with NREL to understand how this approach to preservation might integrate 
with their current nth plant algae farm and conversion designs, and we will continue to share our latest 
developments for improved integration. We are also working on developing physical models of our 
storage system at scale. These models will account for the effects of temperature and other variables on 
stability in storage, as well as help understand the optimal configuration of storage vessels that minimize 
cost and impact of external environmental factors. This project has made use of models to understand 
the impact that wet anaerobic storage could have on the economics of algae fuels and products, and the 
impact that environmental conditions could have on stability at scale. These models are based on data 
obtained from hundreds of laboratory observations of algae biomass in storage. The scale of studies has 
ranged from small serum vials containing 30–50 g (dry basis) of algae biomass to 5-gallon buckets 
containing several kilograms of algae that was then provided to partners at PNNL for conversion studies. 
Physical and techno-economic models will help us to address the economic viability of wet anaerobic 
storage. Both approaches guide our method development to ensure that wet anaerobic storage is relevant 
to the growing algae industry. We will continue to use TEA to effective storage treatments that can 
encourage preservation while having little impact on the minimum biomass selling price. We thank the 
reviewers for their comments regarding biomass quality in storage. It is an important consideration and 
one that we have sought to address. We have worked with conversion labs to assess the impact of 
storage on conversion of algae biomass to fuels, and so far, have been pleased to learn that stored 
biomass performs as well as fresh biomass in the processes evaluated to date. We recognize that each 
target product could have unique quality considerations, and wet anaerobic storage may need to be 
evaluated for impact to quality/yield for each specific product or conversion method. We welcome 
collaboration with producers interested in evaluating the compatibility of the wet anaerobic approach to 
algae preservation with their product or process. We appreciate the reviewers’ feedback on the need to 
provide more insight on storage conditions and biomass compositional changes. We have assessed the 
composition of a number of strains, where we observed the carbohydrate fraction to be most affected in 
storage. We recognize that composition varies greatly between strains and is affected by cultivation 
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conditions and media composition. We plan to improve our understanding of how initial composition 
affects stability and how composition changes in storage by assessing past samples and more 
consistently determining compositional changes in future samples.  

• We regret that there was not adequate time to address project roles, responsibilities, risk management, 
and the project’s progress relative to milestones and the go/no-go milestone. The project is being led by 
Brad Wahlen at Idaho National Laboratory. Hongqiang Hu is providing TEA for the project, and 
Birendra Adhikari is leading coproduct separations efforts. The physical model that will help us 
understand storage stability at scale is being built by Mitch Plummer, who has made similar models for 
herbaceous biomass storage. Cost competitiveness at scale is a risk we face in developing approaches to 
preservation. Our TEA and at-scale modeling efforts are being used to guide method development to 
ensure our preservation approaches are impactful to the algae industry as it develops. We use regular 
milestones to mark our progression toward the end-of-project goal, which is to reduce the minimum 
biomass selling price by 15%. At the end of March, we met our go/no-go milestone of reducing biomass 
selling price by 10%, and we are confident that we can reach the end-of-project goal. The go/no-go 
milestone will be based on the modeled economic impact of actual stored biomass. Specifically, we will 
look at the ability of storage coproducts produced in storage to be recovered to reduce the cost of algae 
biomass production. Achieving stability of outdoor-cultivated algae biomass is a significant risk to the 
success of this project given the challenge of modifying the microbial community in an open system. At 
the outset of this project, we were concerned that biomass loss in queuing (24 hours post-harvest) could 
not be reduced below 5%, and that the microbial community endemic to algae biomass could not be 
sufficiently manipulated/inhibited to enable preservation. We have looked at a number of different 
treatments to improve preservation of more difficult-to-preserve outdoor-cultivated algae cultures. We 
found that the use of citric acid as an additive before storage can effectively limit loss to 1% in queuing 
and does alter the microbial community by inhibiting the growth of Clostridia species, which act to 
degrade algae biomass. Evaluation of community structure has been an important tool that we use to 
understand how an individual treatment might cause a particular outcome. This has provided valuable 
insight into which organisms are important for preservation and those associated with degradation. This 
will lead to additional approaches to treatment that are targeted toward specific strains and could be less 
costly to employ. 
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THERMOCHEMICAL INTERFACE 
Pacific Northwest National Laboratory 

PROJECT DESCRIPTION 
The Hydrothermal Processing for Algal Based 
Biofuels and Coproducts project is focused primarily 
on developing advanced hydrothermal liquefaction 
processing methods to improve process efficiency 
and reduce capital and operating costs to produce 
drop-in biofuels and coproducts from microalgae. 
The project is developing methods for sequential 
HTL processing of algae feedstocks and blends with terrestrial feedstocks. In stage 1, carbohydrates are 
extracted for bioconversion to coproducts. In stage 2, the residual biomass is converted to biocrude for 
upgrading to fuel. The waste streams from HTL are being processed to provide nutrient recycle for algae 
cultivation. The project is pivoting direction in FY 2021 to adapt the sequential HTL process to low-cost waste 
algal feedstocks. All data from these efforts directly support the algal HTL process model, TEA/LCA, and 
SOT. The SOT is used to determine the R&D targets to drive down fuel costs to meet DOE cost targets and 
demonstrate the commercial potential of the HTL conversion processes for the production of fuels and 
coproducts from algae and other wet feedstocks.  

 

WBS: 1.3.4.101 

Presenter(s): Dan Anderson 

Project Start Date: 04/01/2014 

Planned Project End Date: 09/30/2019 

Total DOE Funding: $1,775,000 
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Photo courtesy of Pacific Northwest National Laboratory 

COMMENTS 
• This project is well integrated into other national lab efforts in a way that supports and improves all of 

them. Technical risks seem to be confused with tasks, and as a result, risk mitigation seems more like a 
work breakdown structure than a set of alternatives or parallel paths that could reduce impact of failure 
at any of the critical path steps. The pivot to sequential HTL for lower-value biomass seems to reflect the 
management team’s commitment to industrially relevant solutions. The use of TEA to drive decision-
making processes and informing the pivot toward lower-quality and uncultivated algae seems very 
sound. Incorporating lower-quality algal feedstocks into this process opens up many existing biomass 
sources and could further valorize existing waste-to-energy processes. Efforts of this ongoing effort have 
recently yielded tangible results and deployed technology. The results generated by this work have had 
unique impact on the development of the algae fuel industry, and historically, many teams have used 
assumptions about HTL to drive decisions about their commercialization plans. Real-world 
demonstration of this technology and integration of these data into modeling efforts will be critical for 
broad adoption of this technology, which seems almost certain if proven economically viable. The 
modeling efforts in this work are critical for optimization but still do not seem to provide potential users 
the information they would need to adopt technology without very detailed and resource-intensive 
investigations. A model that can predict HTL outputs based on easily translated feedstock composition 
metrics would be the most impactful work this team could do to make this technology approachable for 
potential users. The project team states openly and honestly that projected improvements in this process 
still fall shy of meeting long-term goals, but they have also offered viable solutions to overcome these 
shortfalls. Internal milestones appear to be met or close to target. The choice of lactic acid as a coproduct 
seems to lack specific market pull or customer partnership, but it does demonstrate the potential for 
coproduct development, providing needed adaptability for this platform. 
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• Roles and responsibilities are defined, and communication methods are detailed. Additional details on 
clearer risk management up-front and a connection to how this guided the project direction would have 
been helpful. Technically feasible; process optimization is critical to achieving the economic goals. The 
TEA and risk management strategy clearly guided the research, as opposed to being an afterthought. 
Clearly, the research has already had a significant impact on the biofuels community, as well as 
commercial impact with the Genifuel collaboration and implementation in Vancouver. This is a 
significant contribution to the economic feasibility of algae and agricultural waste processing into fuel 
and fine chemicals. 

• The presentation documents the continued progress of this accomplished team of professionals and 
documents their interaction with other related BETO programs. They also outlined their adjustments in 
plan going into the new work period to maintain alignment with other programs. The work builds on 
previous efforts and systematically develops and evaluates unit operations in service of current best 
thinking regarding HTL and coproducts. While the scale of the unit operations remains at laboratory 
scale, there is enough basis for a professional opinion that they should be able to reasonably scale into 
larger and more integrated operations. It is important to appreciate they are able to evaluate the mass 
balances, and the finding that the only residual waste may be small amounts of ash further improves the 
TEA and LCA viabilities. The work is being widely disseminated via publications and presentations. 

• This project focuses on developing/adapting hydrothermal process technology to enable the 
commercialization of algal-based biofuels and coproducts from lower-cost algae feedstocks derived from 
recycle of nutrients from wastewater treatment and marine macroalgal farms. This is of clear relevance 
to BETO mission and MYPP goals. The team has a clear management plan with a well-defined task 
structure and leads leveraging team expertise and previous experiences. They identified risks and 
outlined mitigation strategies, as well as established channels of communication and collaboration 
amongst team members. The team has made significant progress toward goals. They have demonstrated 
>65% carbohydrate extraction in stage 1 using a plug flow reactor instead of a continuous stirred tank. 
They have demonstrated lactic acid coproduct production and 50% biocrude mass yield for stage 2 
sequential HTL (SEQHTL) processing. They have demonstrated growth of DISCOVR strains in 
recycled media derived from SEQHTL and have proposed multiple cycles for the recycle media. This 
will greatly reduce hydraulic load of large-scale algal ponds and reduce media cost. Overall, the outcome 
looks promising, and success in this work will reduce fuel conversion cost. 

• This project is processing and providing data on SEQHTL that will inform an FY 2020 SOT report; the 
project will now shift to processing waste algal feedstocks. The team and management plan described are 
appropriate for this project. The risks and mitigation strategies are clearly delineated for this project 
through a thorough discussion of critical success factors, challenges, and mitigating strategies. Progress 
was described through tasks, milestones, and go/no-go decision points, providing an adequate 
assessment of progress for the project. The project is undertaking efforts to optimize each stage in 
SEQHTL, coproduct production, nutrient recycle, and evaluating the data from these processes for 
modeling and SOT updates. The effort is comprehensive and well laid out. Impacts of the technology 
development were adequately explained, along with impacts to BETO’s targets and goals. The project 
team has developed a broad set of collaborative projects, industrial collaborations, patents, awards, and 
20 publications. The results and outcomes of this project show excellent progress in all tasks undertaken. 
FY 2020 efforts focused on SEQHTL processing of corn stover/algae blends and use of carbohydrate 
from stage 1 in lactic acid production by fermentation. The team also demonstrated 50% biocrude yield 
from stage 2 processing of residual solids. Further, they showed the ability of eight DISCOVR strains to 
grow on recycled HTL-derived media. FY 2021–2022 efforts will focus on processing low-cost algae 
feedstocks. The approach for this effort was appropriately discussed and it is underway. 
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PI RESPONSE TO REVIEWER COMMENTS 
We would like to thank the reviewers for their thoughtful and constructive comments and questions. We will 
address key questions and areas that need further clarification.  

• “Additional details on clearer risk management up-front and a connection to how this guided the project 
direction would have been helpful. Technical risks seem to be confused with tasks, and as a result, risk 
mitigation seems more like a work breakdown structure than a set of alternatives or parallel paths that 
could reduce the impact of a failure at any of the critical path steps.” The project has a more detailed risk 
mitigation plan that was included in the supplemental slides. We only had time to touch on key risk areas 
and how those were being addressed in our R&D strategy and associated tasks. Our risk mitigation plan 
does provide a set of alternatives or parallel pathways to reduce failures with each identified project risk.  

• “Real-world demonstration of this technology and integration of these data into modeling efforts will be 
critical for broad adoption of this technology, which seems almost certain if proven economically 
viable.” As presented in the HTL modeling project review directly following this one, the modeling team 
is a critical element of the overall R&D team and works side-by-side with the experimental team to 
integrate all testing data into the conceptual plant model as best as possible to guide the R&D and predict 
performance and economics at scale. PNNL is highly engaged in demonstrating performance at an 
engineering scale through the process development unit and is driving toward real-world demonstration 
through its collaborative efforts with industrial partners.  

• “A model that can predict HTL outputs based on easily translated feedstock composition metrics would 
be the most impactful work this team could do to make this technology approachable for potential 
users.” We agree that being able to systematically correlate incoming biomass composition with the 
upgraded fuel blendstock product properties is of great value. Toward this effort, we have developed 
reduced-order models based on PNNL’s extensive library of continuous HTL processing data to predict 
biocrude yield and quality (https://doi.org/10.1016/j.algal.2019.101450; 
https://doi.org/10.1016/j.apenergy.2020.116340). This work was briefly presented in the HTL modeling 
project review.  

• “The choice of lactic acid as a coproduct seems to lack specific market pull or customer partnership, but 
it does demonstrate the potential for coproduct development, providing needed adaptability for this 
platform.” As presented in the HTL modeling project review directly following this one, the modeling 
team conducted a screening study to identify initial candidates for consideration with the sequential HTL 
configuration. Using current market size, price, and carbohydrate conversion demonstrated in the 
literature, lactic acid was identified as just one example, but by no means is it the only candidate 
coproduct. Many others are possible and moving forward we will continue to identify and hone the best 
options considering both coproduct market dynamics and overall process economics. 

  

https://doi.org/10.1016/j.algal.2019.101450
https://doi.org/10.1016/j.apenergy.2020.116340
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BIOCONVERSION OF ALGAL CARBOHYDRATES AND PROTEINS TO 
FUELS 
Sandia National Laboratories 

PROJECT DESCRIPTION 
The purpose of the Bioconversion of Algae 
Carbohydrates and Proteins AOP project is 
technology development for valorization of a variety 
of whole-algae biomass sources for bio-based 
commodities, especially acknowledging the 
correlation between high algae productivity and high 
protein content. The objective of the R&D is to 
couple efficacious thermochemical and biochemical processing unit operations in a biorefinery context to 
maximize yields of fuels and bioproducts, generate value exceeding the biomass production and conversion 
costs, and facilitate major nutrient recycling and recovery of high-value coproducts. The conversion testing 
pipeline uses a diversity of algae biomass feedstocks, including various microalgae from open raceway ponds, 
as well as attached algae cultures arising from naturally abundant periphyton in compromised surface waters. 
Specific unit operations that have been investigated to date include dilute acid and flash hydrolysis 
pretreatments coupled to consortium-based microaerobic fermentation for targeted conversion of the biomass 
to chemical products. Notable successes from the work include the fusel alcohol platform, which features high 
titers, rates, and yields for ethanol, isobutanol, and isopentanols that have been demonstrated to be fit-for-
purpose spark-ignition (gasoline-compatible) fuels, as well as a suite of fusel alcohol esters, including fatty 
acid fusel esters, which show improved performance over conventional biodiesel (e.g., fatty acid methyl 
esters). Using this foundation, we have recently begun pursuing opportunities to improve yields and process 
economics by utilizing the nitrogen that is abundant in proteinaceous algae biomass. To do this, we are 
engineering a bioprocessing consortium employing biocompatible strains of E. coli and Corynebacterium 
glutamicum to biologically produce caprolactam (via aminocaproate), which is a required crosslinker for 
enabling manufacture of fully bio-based nylon-6,6. Finally, through joint tasks with NREL, we are comparing 
modeled minimum selling prices for proteinaceous biomass conversion processes using projected feedstock 
costs, processing costs, titer/rate/yield metrics, and coproduct contributions to enable the highest probability of 
market penetration of algae biomass-derived chemical products. 

WBS: 1.3.4.200 

Presenter(s): Ryan W. Davis 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $700,000 
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Photo courtesy of Sandia National Laboratories 

COMMENTS 
• Roles and responsibilities are defined, partnerships and engagement look good, communication methods 

are described, and goals are clearly stated, but there is not a lot of risk management information here. It’s 
understood that the effort is going for more of a fine chemicals product with high-value amino acids, but 
it’s a little fuzzy how this would compare to other feedstocks for alcohol and amino acid fermentation. 
The impact is clear: Utilization of new feedstocks and valorization of otherwise low-value material to 
produce coproducts has high commercial ability. The physicochemical analysis of the plastics to define 
their applications is impressive—this is a step many forget, for some reason. Fusel yields look pretty 
good, and the process is a good fit for existing manufacturing equipment, requiring minimal new CapEx 
investment. It’s not clear that carbon black from algae can necessarily become economically 
competitive, but since amino acids are being made—they are typically used in animal pigment synthesis, 
particularly the iridescent and opalescent marine pigments, as well as eye pigmentation—it may be 
possible. The commercial success with polyurethanes and Zivo is great. 
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• The goal of this AOP project is to develop technologies for valorization of a variety of algae biomass 
sources for bio-based commodities using thermochemical and biochemical processing unit operations to 
maximize yields of fuel and bioproducts. Successful deployment of an algae biorefinery will overcome 
the challenge of utilizing low-value algae biomass for the production of lipids for bio-based commodities 
and coproducts and drive down biomass production and conversion costs. This is of clear relevance to 
the BETO mission and MYPP milestones. The team seems to be well managed with a good mix of 
research and industry partners. The team highlighted some challenges with the various approaches but 
did not identify mitigation strategies. The approach includes compositional determination of a variety of 
algal biomass, extraction of lipids, and the use of carbohydrates and proteins as substrate for microbial 
fermentation and co-culture. This approach is very innovative but ambitious. The team has demonstrated 
improvement in the utilization of protein and carbohydrate substrates to make fusel alcohol using E. coli 
co-cultures. The team is also developing a biosynthetic pathway for utilization of low-value algal amino 
acids for bio-based nylon-6,6 cross-linker. It’s not clear from this work how the team intends to address 
challenges in metabolic engineering of pathways to work in E. coli, as well as growth and at-scale 
deployment of the fermentation and biosynthesis processes. Overall, the team has made significant 
progress in demonstrating algae biomass pretreatment using dilute acid and flash hydrolysis, achieved 
>10-g/L, >70% yield of algae carbohydrates and proteins to fatty acid methyl esters with nutrient 
recycling, demonstrated in vitro production of nylon-6,6 cross-linker, and is well on their way to develop 
an in vivo process. 

• The management structure of the project looks like an almost overwhelming number of industry, 
academic, and national lab partners. It is not clear what roles and responsibilities each of these members 
has or how collaboration is coordinated. Conversion of complex biomolecules to fusel alcohols that can 
then be reformed into more complex fuel additives and chemical precursors seems like a choice made 
when a greater fidelity to liquid fuel products was demanded by BETO, and the shift to foams is a more 
appropriate direction for future research. Plans to drive flux of nitrogen into amine-containing products 
addresses a processing and separations risk that is often ignored or poorly ameliorated in other separation 
and upgrading plans. Plans to integrate learnings from traditional fermentation practices with modern 
bioethanol production show a practical approach to overcoming challenges. Not reinventing the wheel 
saves resources and eliminates risk. The presentation of rates and titers is compatible with existing 
bioproduct markets and represents a degree of maturity in tech transfer and commercial applicability. 
Drop-in-ready products have been well chosen, and alignment with the Co-Optimization of Fuels & 
Engines project will streamline early adoption of fuel products generated by this process. Final project 
goals are not clearly quantitative, making measures of success difficult. Outcomes as described seem to 
be largely model outputs with few quantitative metrics to ground assessment of progress of this work on 
its own. 

• The project is designed to develop concepts in biorefining that can help optimize product production to 
help achieve economic viability for the algae biomass. The project presents conceptualized process 
diagrams showing content separation and then product end states. This is a very helpful visualization and 
tool for future use. The project presented interesting results and helpful guides of possible coproduct 
availability and their physical properties and treatment (or pretreatment) steps that would be involved. 
All of these are noteworthy and helpful in establishing the viability of a nice range of valuable 
coproducts that can help address some of BETO’s MYPP and other program goals. Without mass 
balances and other supporting information, it was not possible to discern how much biomass could 
remain available for fuels or an approximate ratio of fuels to coproducts. Consequently, it was not 
apparent how LCA and TCA improvements were determined. 

• The project’s aim is to develop technologies for bioconversion of algal carbohydrates and proteins to 
fuels. The team and management approach described are appropriate for this project. The presentation 
did not provide a description of progress to be achieved through tasks, milestones, and go/no-go decision 
points, providing an inadequate assessment of progress for the project. The presentation would have 
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benefited from a discussion of risks and mitigation strategies. The team’s approach is to procure biomass 
from various sites and perform compositional analysis, and then develop a biocatalyst by engineering 
pathways to E. coli and Corynebacterium glutamicum to be used in bioprocessing of algae for specific 
fuels. The project incorporates sustainability and economic modeling. The described approach is deemed 
adequate to achieve the project goal. Impacts of the technology and process development were 
adequately explained. Incorporation of impacts to BETO’s targets and goals would enhance the 
presentation. The team has developed a pathway for fusel alcohol production from hydrolyzed protein 
and carbohydrates, along with fatty acid fusel esters from fatty acids. Further, they have developed a 
pathway for amino acids to nylon-6,6 cross-linker. The presentation can be enhanced by providing a 
quantitative assessment of milestones achieved and future work to be developed. 

PI RESPONSE TO REVIEWER COMMENTS 
• The presenter and project team would like to thank the reviewers for their thoughtful evaluation of this 

project. Specific concerns that were shared by certain reviewers were (1) lack of quantitative milestones 
and (2) inadequate description of risks and mitigation points. To respond to the first critique, this project 
includes specific milestones, including go/no-go criteria in FY 2020 and FY 2021 to address the process 
titer, rate, and yield metrics, which underlie the previously established TEA feasibility for this 
bioconversion technology (https://doi.org/10.1016/j.algal.2019.101412; 10.1016/j.algal.2019.101412). 
Data showing the progress toward titer, rate, and yield targets were provided on slides 8, 9, and 13. Risks 
were discussed in Section 2 - Approach (slide 6); however, mitigation was not adequately addressed. The 
overarching risk to this approach is that sufficiently high-performing enzymes can be coupled in a 
biochemical pathway in the chemical environment provided by the biocatalyst host (e.g., pH, osmolarity, 
and temperature tolerance) to support achieving the stated titer, rate, and yield metric goals. Mitigation 
of this risk is being pursued through use of the RetSynth (retrosynthetic analysis software) and 
associated databases (MetaCyc) for pathway design, in vitro enzyme testing and engineering prior to in 
vivo work (with support from Arizona State University academic collaborators) and testing with both 
model media and biomass hydrolysates. Further details about mass balances of fuels and coproducts’ 
impact on TEA/LCA are specifically addressed in our recent BETO report with NREL and Algix, Inc. 
(doi:10.2172/1665822). 

  

https://doi.org/10.1016/j.algal.2019.101412
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CAP PROCESS RESEARCH 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
Combined algal processing (CAP) is an algae 
biorefining approach that employs pretreatment and 
extraction operations to fractionate algal biomass into 
an organic liquid phase containing lipids, an aqueous 
hydrolysate phase containing carbohydrates and 
protein, and a residual solid phase containing 
insoluble matter. Each of these fractions is upgraded 
to fuels and/or coproducts, including non-isocyanate polyurethanes (NIPUs) from unsaturated lipids, fuels 
from saturated lipids, fuel precursor carboxylic acids from the hydrolysate, and conductive carbons from the 
solid residue. TEA of multiple CAP configurations suggests that some configurations have a viable pathway to 
algal biofuels at $2.50/gallon of gasoline equivalent. 

 

 

 

Photo courtesy of National Renewable Energy Laboratory 

WBS: 1.3.4.201 

Presenter(s): Jacob Kruger 

Project Start Date: 10/01/2014 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $1,812,000 
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COMMENTS 
• Combined algal processing focuses on developing biorefinery concepts that enable economically viable 

biofuel production that allows a path to $2.50/GGE hydrocarbon algal biofuels. Progress in the CAP 
research will drive down minimum fuel selling price (MFSP). The team appears to be well managed with 
a well-defined task structure and leveraging team expertise and previous experiences. They identified 
risks and outlined mitigation strategies. Their approach of developing robust technology to fractionate 
and valorize lowest-cost algae and then using the TEA to establish yield targets and quantify 
improvement is reasonable. The team has made significant progress in identifying pretreatment options 
that help mitigate seasonal variability in algae production, developing flexible hydrolysate fermentation 
that supports multiple product and fuel precursors, and demonstrating proof-of-concept for production 
and nutrient recycle from protein and carbohydrate-derived carboxylic acids. The team also incorporated 
high-value NIPU coproducts to model. The team should consider progressing the understanding on yield 
and losses in the different steps involved in the production of NIPU and upgrade the model to reflect 
this. The team should provide more clarity on CapEx required for this process. 

• Communication is described, roles and responsibilities are well defined, and there is some risk 
management and a good array of collaborations set up to ensure multiple stakeholders’ input will be 
considered. The approach is connected to the TEA and clearly defines process requirements. There is 
definitely potential for innovation in terms of semisynthesis of fine chemicals. Commercialization 
potential is obvious in the partnerships they’ve formed for polymer starting materials; financial 
connection between fractionation and high-value product streams is clear. The commercialization 
pathway is great. The jet and diesel fuel processing are also nice accomplishments. The critical role of 
flash hydrolysis in protein solubilization enables much higher yields of the protein-based products, 
which have sufficiently higher value to meet economic goals. It will be interesting to see what happens 
with the graphene as well. 

• The aim of the project is to develop biorefinery concepts that enable economically viable biofuel 
production from algae of variable composition. The team and management plan described are 
appropriate for this project. The risks and mitigation strategies are clearly delineated for this project 
through a thorough discussion of critical success factors, challenges, and mitigating strategies. Progress 
was described through tasks, milestones, and go/no-go decision points, providing an adequate 
assessment of progress for the project. The team’s approach is to develop and adapt technology for 
fractionation and use TEA to establish yield targets and show improvements in the MFSP. The 
fractionation technologies and incorporation of other processes should be detailed in this discussion. 
Impacts of the technology and process development were adequately explained. Incorporation of impacts 
to BETO’s targets and goals would enhance the presentation. The team has shown that seasonal variation 
in production can be leveled through blending and storage. They have also worked on a halotolerant 
carbohydrate hydrolysis fermentation process to succinic acid and ethanol, and proteins to muconic acid. 
Other pathways being worked on include non-isocyanate polyurethane production, and conversion of 
carboxylic acids to ketones that will generate jet and diesel fuels. The presentation can be enhanced by 
providing a quantitative assessment of milestones achieved and future work to be developed. 

• This project provides very interesting insights into potentially very viable applications for low-value 
bulk algae biomass. It presents strong evidence that a wide range of commercial applications can be 
simultaneously achieved, and if the biomass growth rates can be accurately calibrated against the 
conventional measurements used for open-pond algal growth systems, the work is clearly in service of 
working toward BETO goals. The opportunities involving fusel conjugates almost seems too good to be 
true and should be investigated to completion, including determining the types of policy support needed 
to benefit the existing gasoline and diesel marketplaces. 
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• This team’s commercial and academic composition seems well suited for success; however, it is not 
clear what role all of these institutions play in this project. The go/no-go described uses quantifiable 
metrics to assess success. Risks and mitigation plans in this project do not seem well described. The 
challenge associated with enzyme use did seem to be resolved in a way that demonstrates good 
adaptability in the absence of a formal risk mitigation plan. All work seems well rooted in practical 
reality. The integration of this process into the NREL TEA will allow this to be more easily adopted as 
an industry standard. Alignment with the Co-Optimization of Fuels & Engines initiative will focus fuel 
development for real-world use. This work has yielded tangible results much faster than the HTL track. 
The CAP process was considered a long-shot parallel track to HTL. Mild oxidative treatment could be 
another viable pathway to fuel production. This conversion step has been a critical bottleneck for fuel 
development that has often been ignored under the assumption that HTL would be a conversion panacea. 
This research has uniquely enabled real product development. This impact is tremendous and may be the 
most significant update in the AAS portfolio this review cycle. Polyurethane foams are an excellent 
product for displacement of petrochemical use. This target and choice of feedstock is beginning to 
couple waste feedstocks with products that replace environmentally deleterious waste streams. This is 
well aligned with BETO goals and exceeds most other projects in both vision and impact. Work with 
Algix and interest from Patagonia demonstrates that this technology will likely be used to bring algae 
into the material product development arena. All goals for this project appear to have been met. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their positive and constructive comments. To clarify, fusel conjugates were 

not part of this project; we are focusing on drop-in hydrocarbon fuels. The lipid fractionation required 
for NIPU production is very similar to that required for omega-3 fatty acid production. While process 
losses in each step depend on algae and lipid composition, we have worked with Qualitas to understand 
the mass balances in their optimized commercial process and include these losses in the process models 
used for TEA and LCA. Similarly, the TEA models include the CapEx costs for the NIPU production, 
which are described in detail in our manuscript currently under review at Green Chemistry. Additionally, 
the CAP approach includes pathways to make use of these “losses,” including fuel production from less-
saturated lipids, and fermentation of glycerol produced during saponification. We agree that there is 
potential for semisynthesis of fine chemicals and are actively working with the ABC project to define 
new coproduct opportunities from highly functionalized classes of molecules. One class of fine 
chemicals we feel has significant potential is surfactants, which represent a large, diverse market with 
high value, and which are ideally suited to the amphiphilic molecules in algae. This opportunity is 
described briefly on slide 23 in the presentation. The fractionation technology is a key aspect of this 
project moving forward, and our FY 2021 Q4 milestone (slide 27) contains some details of what we are 
targeting in the fractionation step. In particular, with the transition to high-protein algae, most of the 
lipids are polar, necessitating saponification before upgrading to NIPU. We are targeting fractionation 
technology that can combine fractionation and saponification into a single step, including a longer acid 
pretreatment under milder conditions (analogous to the Twitchell process), alkaline pretreatment, and 
enzymatic hydrolysis using enzyme cocktails that include lipases. The primary BETO goal has been 
reductions in the MFSP (to $2.50/GGE), which was addressed on slides 3, 4, 6–8, 10, 13, 19, and 23 in 
the presentation. The secondary BETO target has been increasing the fuel yields (to >80 GGE/ton algae), 
which was not mentioned explicitly in the presentation, but was reflected in our go/no-go milestone in 
FY 2020 Q2, and to a lesser extent in our FY 2019 Q4 milestone (slides 25–26). A tertiary BETO goal 
has been a reduction in biorefinery carbon footprint, which was mentioned on slides 7 and 10 with 
respect to fixing CO2 into coproducts. We have met all 17 milestones planned on this project to date 
(through FY 2021 Q2) in this project cycle, though a few were delayed due to COVID. Regarding future 
work, the MFSP graph on slide 13 of the presentation shows improvements in MFSP (to $2.50/GGE) out 
to 2030, mainly reflecting reductions in cultivation costs. Our remaining two milestones for FY 2021 
target additional coproducts from phytol that is co-extracted with lipids but inhibits NIPU production 
(slide 23), and improvements in the pretreatment step that we expect will further decrease MFSP. We 
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believe there is significant potential for graphene as well (FY 2021 Q1 milestone and slide 20). The 
Venn diagram on slide 5 of the presentation gives a high-level view of the roles project partners play. 
The industry partners are informing coproduct development (Polaris, Qualitas) and providing algal 
biomass to the project for CAP (Qualitas, Clearas, Gross-Wen Technologies, and AECOM). Other 
national lab projects are providing high-productivity biomass to the project (DISCOVR and LEAF), 
helping determine the robustness of CAP to ensiled or mixed biomass (Idaho National Laboratory and 
LEAF), helping translate fermentation technology from lignocellulose to algae (NREL Biochem 
platform), or helping identify new coproducts (ABC). University partners are providing algal biomass to 
the project for CAP (Arizona State University), co-developing fractionation technology (flash hydrolysis 
with Old Dominion University) or helping develop new coproducts (graphene with Rice University). The 
value to each of these partners from CPR is in developing CAP pathways that valorize the algae of 
interest to the partners, providing data on the processability of different algae streams, broadening the 
range of potential applications for technology developed on other projects, and providing data on the 
production of novel coproducts. Risks were briefly discussed on slide 4, but we agree that including the 
risk mitigation table developed for our AOP document in the additional slides section would have 
facilitated review. Risks (and mitigation) considered include:  

o Potential poor performance of NIPU (which can be improved by esterifying or crosslinking with 
different reagents). 

o Potential low yields of acrylated photopolymers (which can be improved by broadening reaction 
conditions or purifying the algae oil). 

o Potential poor fermentation yields (which can be improved by adapting/engineering the microbes 
or relegating unused substrates to mild oxidative treatment or graphene). 

o Potential low pretreatment yields at large scale (which can be mitigated by validating at multiple 
smaller scales before scaling up). 

o Potential poor residue upgrading performance (which can be mitigated by considering multiple 
upgrading approaches, such as mild oxidative treatment and graphitization). 

o Potential for none of the new pretreatment configurations outperforming the baseline, resulting in 
no MFSP reductions from improved pretreatments (which can be mitigated by expanding the 
pretreatment approaches surveyed and improving MFSP through incorporation of new 
coproducts). We have just begun evaluating enzymes for pretreatment on this project, but enzyme 
costs and usage will certainly be critical metrics for the success of that pretreatment approach. 
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CYANOBACTERIA PHOTOSYNTHETIC ENERGY PLATFORM 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
The primary challenge in algal technology is low 
energy conversion efficiency, currently up to a few 
percentages from photon energy to biomass energy. 
Most incoming solar energy is lost in the processes of 
photosynthesis, through mechanisms that are not fully 
understood. There is large room for improvement. 
This project develops cyanobacteria genetic tools to 
improve photosynthetic efficiency and biomass productivity through manipulation of energy regulation 
mechanisms. Increasing algal biomass productivity by 20% would translate to $0.90 per GGE reduction of 
MFSP. Genetic manipulation is an essential tool in understanding and improving algal productivity. While 
genetic manipulation is challenging for most algae, model cyanobacteria, with in-house mutant library and 
genetic engineering toolboxes, allow for rapid hypothesis testing and transfer of lessons to other cyanobacteria 
and eukaryotic algae. We developed the Energome (energy-ome) concept to guide novel engineering strategies 
and unleash unused potential in photosynthesis. Energome consists of cellular energy management 
mechanisms. For example, we found that cyanobacteria use futile cycles around glycogen and sucrose to 
dissipate adenosine triphosphate (ATP). By genetic modification, the model cyanobacterium Synechocystis 
6803 showed higher energy levels, increased photosynthetic capacity, and >20% improvement in biomass 
yield in simulated outdoor light conditions. 

 

WBS: 1.3.4.301 

Presenter(s): Jianping Yu 

Project Start Date: 06/24/2010 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $1,200,000 
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Photo courtesy of National Renewable Energy Laboratory 

COMMENTS 
• The team is small, so communications are straightforward. Due to the single task with the focus on only 

improving biomass, this project did not require a complex management strategy or role assignments. 
There has been considerable work done on this subject before, including scale-up to outdoor cultivation. 
It’s not clear how this would be innovative or advance the state of the art. This strategy has already been 
tried at commercial scale and not been successful. Project goals were met, and the strain is more 
productive in a bioreactor. Manipulated strains of cyanobacteria rarely perform well in outdoor 
environments, particularly when subject to photobleaching stress and infection; this limits scale-up due 
to the increased CapEx requirements. There is no TEA impact presented. 

• The concept of Energome is novel and aligns well with the synthetic biology vocabulary in wide use. 
Without question, an ability to improve the photosynthetic efficiency of algae remains a holy grail 
ambition and requires the development of the basic science and understandings that can be eventually 
leveraged to improve growth rates and product yields. The work here shows nice initial results at very 
small scale. Practical matters likely prevent any short to midterm viability to extend learnings into the 
field at larger scales and in outdoor ponds, making these current efforts not especially in service of 
BETO goals for the same periods. 

• The goal of the project is to develop molecular engineering technologies in cyanobacteria that remove 
futile processes and redirect energy and carbon to growth and maintenance mechanisms. The team and 
management plan described are appropriate for this project. The risks and mitigation strategies are 
clearly delineated for this project through a thorough discussion of critical success factors, challenges, 
and mitigating strategies. Progress was not described through tasks, milestones, and go/no-go decision 
points, providing an inadequate assessment of progress for the project. The approach is to manipulate 
cellular energy management controlling growth and carbon partition in Synechocystis through gene 
knockout and knockdown and extend the technology to other cyanobacteria. Describing specific steps 
and tasks to be undertaken would help present a logical method to achieve the project’s main goal. The 
impacts of the project are in improved productivity. The work has generated five manuscripts in high-
profile journals and a book chapter, along with a provisional patent and contributions to other efforts. 
The impact discussion can be strengthened by tying the project goals to BETO goals and targets. The 
team has demonstrated that reducing energy dissipation from futile cycles will redirect energy to cell 
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growth. Two futile cycles were targeted: glycogen and sucrose cycles. Knockdown and knockout, 
respectively, of these cycles provided mutants that showed increased photosynthesis, higher energy 
charge, and faster growth. In environmental simulated reactors, the mutants grew 34%–40% faster than 
wild-type. This is an excellent outcome that will be transferred to other production strains in future work, 
along with finding other futile pathways that can affect energy dissipation. Moving the strains to outdoor 
production would be beneficial in proving the robustness of strains. 

• The project team seems appropriately small for nimble decision-making and clear communications. It is 
not clear that rapid hypothesis testing in cyanobacteria will yield specific insight or that any lessons 
learned in this strain can be translated to other cyanobacteria, and it seems very unlikely that they can be 
applied to eukaryotic algae. Light conditions used to simulate high light stress were operated at a small 
fraction of average photosynthetically active radiation experienced outdoors; 200 μmol/m2/s is low light 
compared to the 900–1,500-μmol/m2/s average, or the significantly higher values that could have been 
checked with a photosynthetically active radiation meter simply by taking it outside. Given that the 
approach is built on energy dissipation under high-light conditions, the entire research approach seems 
fundamentally flawed. The futile cycles described in this work are not newly discovered. Increased 
understanding of alternative carbon fixation pathways to rubisco could be impactful if it works. The 
deeply flawed nature of this experimental design seems to limit any potential impact that this project 
may have. It appears this project was redirected to new lines of inquiry without proper rescoping to 
ensure that project was meritorious or that research targets and approaches are valid. The project seems 
to be on track to meet goals, but it is difficult to see how meeting these goals will result in progress. 

• This project focuses on developing cyanobacteria genetic tools to improve photosynthetic efficiency and 
biomass productivity through manipulation of energy regulation mechanisms. If successful, it will lead 
to an increase in biomass productivity, which is of clear relevance to BETO MYPP goals. The team is 
leveraging many years of research at NREL in photosynthesis, carbon, and energy metabolism in 
Synechocystis. The team needs to balance indoor and outdoor testing by seeking industrial partners early 
on in their work. Their approach involves engineering cyanobacteria to decrease light energy dissipation 
and futile cycles and direct energy to biomass. Using synthetic biology to manipulate carbon sink and 
having very good understanding of gene targets are strengths of this approach. Glycogen and sucrose 
cycles were futile cycles targeted for improved energy management in cyanobacteria. Genetic tools and 
metabolic engineering strategies developed here can be translated to other industrially relevant strains. 
However, some industrially relevant strains may not be genetically tractable at this time and may have 
differences in biochemical pathways. This project has demonstrated that glycogen knockdown and 
deletion on sucrose phosphate synthase enzyme improved photosynthetic oxygen evolution and biomass 
productivity in outdoor-simulated conditions. It will be critical to confirm the increase in biomass 
productivity outdoor trials, especially under high-light conditions, as modification on photo-quenching 
biochemical pathways may negatively impact biomass productivity. The team should consider 
compositional analysis for mutant strains. Overall, success in this AOP project will provide more insight 
to improving biomass productivity by metabolic engineering. 

PI RESPONSE TO REVIEWER COMMENTS 
• We appreciate the reviewer comments. We now have composition data on the glycogen knockdown 

strain, which has lower carbohydrate content than wild-type, and relatively higher protein and lipid 
contents. The composition of the sucrose phosphate synthase deletion strain will be determined in the 
near future. The growth tests included simulated AzCATI outdoor light intensities as high as 1,600 
μmol/m2/s, as shown in the SAGE slide. This answers the criticism on the experimental design for not 
including light intensities up to 1,500 μmol/m2/s. We are aware of industry efforts in testing glycogen 
deletion strategy and finding it unsuccessful. We also saw the growth deficiencies of that mutant in our 
lab. The current strategy of glycogen knockdown has been designed to overcome such deficiencies and 
has shown promise, as presented here. Regarding the comment that the futile cycles described in this 
work are not newly discovered, it will be helpful to show references on prior discoveries, if any. Overall, 
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this project developed concept (Energome), approach (redirecting energy from futile cycles to growth), 
and tools (gene knockout and knockdown, energy charge measurement) that are successful in increasing 
photosynthetic productivity in a model cyanobacterium and are ready to be adopted and tested by other 
algae strain development efforts. 
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ALGAL BIOFUELS TECHNO-ECONOMIC ANALYSIS 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
The objective of NREL’s Algal Biofuel Techno-
Economic Analysis project is to provide process 
modeling and analysis to support Algae Program 
activities, utilizing TEA models to relate key process 
parameters with overall economics for cultivation, 
processing, and conversion of algal biomass to fuels 
and coproducts. By quantifying economic 
implications of key process metrics, TEA models highlight the technical requirements to achieve future 
program cost goals, as well as enabling a means to track progress toward these goals. 

This project provides high impact and relevance though generation of critical cost data tied to funded research, 
with our analyses subsequently exercised by BETO to guide program plans, FOA priorities, and other 
directives. This includes costs for both algal biomass production and downstream conversion, most notably to 
support BETO’s fuel cost targets below $2.5/GGE by 2030. To mitigate a key risk/challenge in constraining 
our work to academic analyses rooted only in future projections, our work also seeks to provide near-term 
value to today’s algae industry through frequent industry engagement, while maintaining close ties with other 
BETO collaborators. This project has made numerous accomplishments since the 2019 Peer Review, including 
a continued focus on opportunities for value-added products, with related analyses for new pathway 
opportunities to achieve BETO cost goals and notable SOT improvements over prior cost benchmarks. 

 

WBS: 1.3.5.200 

Presenter(s): Ryan Davis 

Project Start Date: 10/01/2008 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $1,085,005 
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Photo courtesy of National Renewable Energy Laboratory 

COMMENTS 
• Goals are clearly stated, and the risk management strategy is clear; however, it would have been helpful 

to see more detail on roles and responsibilities, communication methods, and data sharing. More details 
on how costs and prices would be integrated would have been good. It’s unclear if they are scraped from 
daily commodity market data, locally adjusted for cost of inputs and logistics, or collected for iterative 
recalculation. Consistent TEA methodology is needed to guide research decisions and prioritization, yet 
it is often sort of made up as an afterthought with little detail in terms of mass balance, market pricing, 
CapEx, or OpEx. In order for any research to achieve commercial viability, it needs a strong economic 
basis. The decisions made in response to the TEA have resulted in higher productivity, lower costs, and a 
refocus on fine chemicals and polymer raw materials to create additional value to bioprocessing. Again, 
the work on algal bloom harvesting looks especially interesting. 

• The goal of the project is to provide process design and economic analysis support for the algae platform 
within BETO. The team and management plan described are appropriate for this project. The risks and 
mitigation strategies are clearly delineated for this project through a thorough discussion of critical 
success factors, challenges, and mitigating strategies. Progress was described through tasks, milestones, 
and go/no-go decision points, providing an adequate assessment of progress for the project. The team’s 
approach incorporates Aspen Plus process modeling, discounted cash-flow calculations, and TEA 
modeling, and provides annual SOTs. The described approach is holistic, although adding a component 
of process model validation and feedback would enhance the effort. Impacts of the technology and 
process modeling were adequately explained, along with impacts to BETO’s targets and goals. The team 
has progressed excellently in their modeling and reporting efforts. They developed an FY 2019 
feasibility TEA for wastewater algae valorization that generates scenarios that bring biomass selling 
price near zero or negative. They are also working on coproduct value assessments and TEA to support 
SOT advancements in cultivation. The team has also worked on an update of the CAP SOT report that 
incorporates a polyurethane product along with catalytic upgrading. For FY 2021, they are expanding 
their efforts in modeling polyurethane and non-isocyanate polyurethane processes. 
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• The management of the project is well aligned with DISCOVR and other consortium efforts. The PI’s 
personal ownership of this work has resulted in a tool of tremendous quality. The risk that project 
contributors supply hyperbolic data or data of poor quality seems misunderstood. The risk that data 
contributions are not in a standardized or consistent format and therefore not consistent comparisons 
does not seem well addressed. The approach of this project has consistently been pragmatic and 
methodical. Integration of partner feedback and data allows this platform to be more versatile and 
applicable to a broader range of potential users. The TEA seems well designed to downselect 
underperforming projects. This tool does not seem to be uniformly or rigorously applied for validation or 
verification efforts. The TEA is likely the single most important set of success metrics for the 
culmination of BETO work. The TEA is mature and has many new potential products and industrial 
contributors. The outcome of this project seems to be used only as an internal AOP metric if FOA 
awardees do not work with the NREL Systems Integration team to validate their work. A few simple 
inputs like growth rate, mass balances, and biochemical composition could be given by research teams 
instead of applying efforts to create their own TEAs, which are opaque and may not create consistent 
comparisons. This seems like it would be the most impactful outcome of this work if used that way. 

• The project focuses on providing process design and economic analysis to support the algae platform and 
guide R&D priorities to commercialization. This team is building upon the value the TEA model has 
added to the algal community and is continuously evaluating new processes for impact on the cost of 
biomass, fuels, and other products. This project provides critical cost data to guide BETO program plans, 
as well as industry and research partners for research and commercialization strategies. The team appears 
to be well managed with a well-defined task structure and leveraging team expertise and previous 
experiences. They identified risks and outlined mitigation strategies. The project performers are 
constantly refining the TEA model to make it more relevant to the field and to have good collaboration 
with research and industry partners. Their interaction with the DISCOVR team and industry partners has 
been a great approach to calibrating and validating their model. The team has delivered several products 
since the last review and is well on their way to achieving the goals outlined for this project. The team 
has made significant progress. Their TEA model has been used to identify opportunities for algae 
wastewater treatment. The TEA model has been upgraded to highlight the degree of benefits or penalties 
moving from nutrient-replete to nutrient-deplete harvesting of biomass. The model has expanded focus 
on opportunities to enable algal biorefineries as well as set SOT for 2020 incorporating data from the 
DISCOVR project. Continuous progress of this project will guide algae research and development to an 
economically viable algae production platform that will lead to commercialization. 

• The project is pursuing exciting opportunities for new sources of algae and new possible applications in 
service of helping achieve BETO goals. The ambition of using algae as a treatment or otherwise a 
benefiting element in/from wastewater treatment systems is long held. The opportunities to piggyback on 
infrastructure and systems with little to no additional investment to accommodate algae, as well as the 
abundance of existing nutrients and source water, simply never lose their appeal. Most previous attempts 
achieve limited success for a variety of reasons: as a sole unit operation, algae often does not fully meet 
discharge water quality requirements; the physical footprint needed for an algae-based unit operation is 
often impractical; treated wastewater already often has competing interests as a beneficial use element in 
the larger water cycle and benefits from significant policy and legal advantages; treatment optimization 
is often orthogonal to algae growth rate optimization; and commercial applications are limited because of 
co-location, land availability, and large enough volumes of daily inflow wastewater volumes. These 
possible risks do not seem reflected or otherwise addressed in the project, and likely will limit 
meaningful results in service of BETO goals. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their insightful comments and appreciate the recognition of the merits of this 

project in guiding NREL/BETO program directions. In response to the comment noting the potential to 
miss key risks in the deployment of algal systems for wastewater treatment, we are currently in 
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discussions with two large industry players in the algal wastewater treatment space to better understand 
such constraints and realistic gaps/drivers in the implementation of this concept at scale, in hopes to 
incorporate further inputs and refine future modeling activities on the topic.  

• On the comment of project interactions and data sharing, this project interacts frequently with both 
internal and external partners including consortia groups, FOA partners, national laboratory modelers, 
and industry collaborators to foster information exchange. This includes communicating data input 
needs, working with researchers to collect these data (often iterating several times to translate the data 
into the most suitable format for incorporation into the models), and sharing outputs of the TEA models 
to highlight key drivers and priorities versus inconsequential factors not worth experimental focus. For 
example, we communicate on a weekly basis with the DISCOVR consortium to communicate ongoing 
data needs for cultivation trials and have led the majority of the discussions with the Technical Advisory 
Board under that consortium based on model inputs and subsequent findings. Likewise, we communicate 
at least several times per month with NREL algae CAP conversion researchers to guide progress, provide 
TEA insights to downselect across competing research priorities, and revisit the latest performance data 
for use in SOT benchmarking updates.  

• Finally, regarding the suggestions to further engage with industry or other groups to enhance model 
validation, we always value such engagements whenever they can be arranged and would continue to 
welcome any such opportunities. We have participated in a number of such activities across both formal 
and informal collaborations to “compare notes” both for validating/improving our own models, as well 
as vice versa to other partners with good outcomes. We would also be happy to discuss such 
opportunities with the Systems Integration group or others as may make sense to promote more 
consistent analysis of technologies and research concepts being investigated externally (though 
recognizing there may be constraints both regarding availability of information as well as practicality of 
applying our TEA models on specific technologies to other concepts that may not readily fit into the 
existing model framework). 
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ALGAE TECHNOLOGY EDUCATIONAL CONSORTIUM 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
The Algae Technology Educational Consortium 
(ATEC) was created to provide algal-based 
educational and training programs to develop a 
skilled workforce supporting BETO’s OPERATION 
BioenergizeME and its threefold mission: improve 
public accessibility to bioenergy production 
information, support formal and informal education, 
and engage future scientists and engineers in developing solutions. ATEC accomplishes this mission through 
five major foci, including community college certificate programs in algae cultivation; community college 
algal-based curriculum inserted into biotechnology degree programs; massive open online courses; Algae 
Academy, a K–12 STEM initiative; and aquaculture extension education through the Algae Cultivation 
Extension Short-courses (ACES). The ATEC-developed curriculum is utilized by schools in the ATEC 
network (>400 academic institutions) to educate and train the next generation of algal professionals filling U.S. 
jobs supporting algal commercialization and reduce costly and time-consuming post-hire training. ATEC was 
able to overcome limitations from COVID-19-related restrictions by pivoting to online curricula. Our 
Industrial Advisory Board, comprising industry experts, are active participants in developing and embedding 
the ATEC curriculum into ATEC schools, colleges, and universities. ATEC will continue to expand the 
curriculum to include heterotrophic cultivation and seaweed commercialization. 

 

WBS: 1.3.5.201 

Presenter(s): Cindy Gerk 

Project Start Date: 10/01/2020 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $1,670,000 
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Photo courtesy of National Renewable Energy Laboratory 

COMMENTS 
• Acknowledging in advance that this type of project undertaking is not within my experience or training, 

this reviewer cannot be anything less than completely impressed by the deep thinking, organized 
structure, and the passion for the mission and goals conveyed by the presentation. The continued 
expansion of the project’s success and the scale at which additional students, schools, and now 
universities have been engaged is exceptional. The already-achieved nationwide scope and impact is 
equally impressive. We can be left confident that a workforce will be ready for the algae economy. 

• ATEC is operating a large, team-driven, educational consortium to support education and workforce 
development goals for a future algal biofuels industry. The consortium has reached an impressive 
number of students ranging from kindergarten up through university. ATEC is commended on their rapid 
pivot to online content when the COVID pandemic shut down in-person learning. Looking ahead, this 
ability to offer curriculum both in person and online stands to reach a wider audience, helping to meet 
the program’s goals. 

• Overall, this project seems to be doing very well. The project management plan is clear and the 
implementation strategy seems to be going very well. The approach involving the Algae Academy and 
the massive open online courses seem to be reaching thousands of students. The impact is impressive, 
and the project continues to add ATEC members. Most of the members seem to be coastal; more focus 
should be directed to recruiting schools in the center of the United States. The project met all the FY 
2020 milestones and seems to be on schedule. 

• This is an amazing project that shows what the passion and dedication of a few people can achieve with 
the proper support. The organic growth of this grassroots initiative is remarkable and is expected to reach 
or exceed all project goals for number of students served by the various programs. The project has 
developed relevant and impactful programs for all grade levels. These curriculum and training programs 
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will equip the next generation of algal cultivation, biotechnology, and bioeconomy professionals with the 
skills they need to succeed in an algae bioeconomy. 

• This is an exciting and very worthwhile outreach project aiming to improve education and workforce 
development. The team and management plan described are appropriate for this project. The risks and 
mitigation strategies are clearly delineated for this project. Progress was described through tasks, 
milestones, and go/no-go decision points, providing an adequate assessment of progress for the project. 
The approach that the team is taking is exciting and is being implemented widely, through algae interest 
generators that provide curricula, standards, and outreach to K–12 along with more advanced education 
efforts, such as the massive open online courses. The impacts of this effort will be seen through the 
attraction of a new generation of scientists and well-informed public due to participation of K–12 
institutions, partnerships with higher education institutions, and integrated efforts at the state and 
national level. The effort has met its FY 2020 milestones and has reached nearly 100,000 participants. 
The FY 2021 efforts are underway, having developed the training modules required for the first quarter. 
The team has developed an external certification and endorsement program for various technologies and 
methodologies and is well underway to expand its collaborative efforts with national organizations. This 
is an excellent project, well led, organized, and reaching a very diverse audience. 

PI RESPONSE TO REVIEWER COMMENTS 
• The ATEC team is very grateful to the BETO reviewers for their efforts and to BETO for continued 

support of algae education and bioeconomy workforce development. The ATEC curriculum and the 
Algae Academy have reached all 50 states and 45 countries. We continue to expand the ATEC 
partnering collegiate network through our collaborations with InnovateBIO and additional focused 
outreach. It is deeply gratifying to receive such a strong positive review. It sends us a clear message that 
we are on the right track and encourages us to continue to focus our energies on expanding the program 
to bring algae awareness to more students. 
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HTL MODEL DEVELOPMENT  
Pacific Northwest National Laboratory 

PROJECT DESCRIPTION 
This project provides TEA and sustainability 
inventory for algae conversion via HTL and 
upgrading to fuels and chemicals in order to direct 
research toward high-impact results. A target 
conceptual biorefinery model was first developed in 
2014, and SOT assessments have been conducted 
annually. The purpose of the SOT assessment is to 
identify barriers, cost reduction strategies, and sustainability impacts, and track research progress toward the 
BETO 2030 cost target ($2.5/GGE). The annual SOT documents the modeled costs for that year and the 
associated research used in the modeling. Through the combined experimental/analysis projects, conversion 
costs for the pathway have been reduced from $1.22/GGE to -$0.33/GGE through the blending of terrestrial 
feedstocks during low-productivity seasons and a new two-stage HTL process configuration that enables high-
value coproduct generation. Data availability is the main challenge of TEA, which is mitigated by frequent 
communication with internal and external researchers to exchange information and review cost reduction 
strategies. Future work will focus on using low-cost algae (e.g., seaweed, nuisance blooms) to accelerate 
deployment opportunities and ultimately meet the BETO 2030 goal.  

 

WBS: 1.3.5.202 

Presenter(s): Lesley Snowden-Swan 

Project Start Date: 10/01/2017 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $600,000 
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COMMENTS 
• Roles and responsibilities are defined across a very wide range of groups. Risk management is described 

in some detail. Communications methods are defined, and project goals are clear and specific. The 
approach is iterative and validated as well as it can be without actual automation historian data. Risk 
mitigation includes TEA integration with the data set to prioritize and guide specific research choices 
and make actionable recommendations. This research has directly led to improvements in storage and 
heat exchanger designs. In particular, it has also reached commercial success by launch of user 
licenses—well done! This effort drove the conversion cost closer to agency goals and specified high-
value product choices to achieve overall economic success. There is some useful information on 
utilization of non-cultivated algal blooms as well. 

• The aim of this project is to develop data-driven process models for TEA of algae HTL processes. The 
team and management plan described are appropriate for this project. The risks and mitigation strategies 
are clearly delineated for this project through a thorough discussion of critical success factors, 
challenges, and mitigating strategies. Progress was described through tasks, milestones, and go/no-go 
decision points, providing an adequate assessment of progress for the project. The team’s approach 
incorporates close collaboration with HTL researchers for critical data to identify key cost drivers, 
provide feedback loops, use a defined basis in model development, engage with industry, and provide a 
life cycle inventory for algae HTL. The described approach is holistic and provides for frequent 
communication with researchers and users of the technology for validation. Impacts of the technology 
and process modeling were adequately explained, along with impacts to BETO’s targets and goals. The 
team has progressed excellently in their modeling and reporting efforts. They developed an FY 2019 
SOT on HTL of blended wood and algae feedstocks, and coproduct generation with SEQHTL for 
carbohydrate extract biocrude generation with conversion of the carbohydrate to lactic acid. In FY 2020, 
the team developed a model for SEQHTL that showed substantial reductions in SOT MFSP and 
conversion costs by adding coproduct inventories and nutrient recycle credits. The team has developed a 
reduced-order model and uncertainty analysis to predict HTL yield and have applied it to HTL of wet 
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wastes. FY 2021 efforts are currently focusing on modeling HTL of biomass from algae blooms, turf 
algae, and macroalgae. 

• This project focuses on employing a developed TEA coupled with researcher input and feedback to 
guide and track research toward reduction in cost of renewable fuels and coproducts from biomass via 
HTL processes. This project supports cost models for HTL pathways that inform BETO’s annual SOT 
assessment and is of clear relevance to the BETO mission and MYPP. The team has previous experience 
with TEA, and the project appears to be well managed. They identified risks and outlined mitigation 
strategies, as well as established channels of communication and collaboration amongst experimental 
team on data needs. Technical approach as outlined by the team is reasonable and will continue to drive 
the TEA model to more represent a commercial process. The team has done a great job in working with 
researchers and industrial partners to ensure that assumptions used in the model reflect real-life 
processes. However, the team should consider upgrading the cost of coproducts to reflect actual costs 
based on the different processes as opposed to a fixed cost for coproducts. This work has provided a 
foundational model and TEA to many in the algal community and has helped direct design, optimization, 
and scaling of the HTL process. 

• This project is a very good example of DOE and BETO providing industry leadership and guidance. The 
development and maintenance of a TEA that uses quality input data and provides for feedback and data 
improvements is essential to develop a high-level view of progress, trajectory, opportunities, and 
viability of algae-produced fuels and coproducts. This in turn helps gauge individual projects and 
program progress and to inform future decisions and commitments. By design, this project and its 
platform are poised for continuous improvement—especially as better data become available. The 
development of the reduced-order model for predictive algae HTL yield has tremendous potential for 
widespread use and may prove very helpful in managing future projects and business endeavors. The 
presentation illustrated the flexibility to adjust efforts to incorporate current best thinking and other novel 
ideas that can incorporate novel algae sources for similar evaluations and design specific applications. 

• This project is well integrated into other national lab efforts in a way that supports and improves all of 
them. The PI is well suited for success in this effort. The claim of “780 dry tons/day based on POND 
model = 6,800x scale increase from data” is a tremendous leap, and even small errors in assumptions 
could constitute large risks to ultimate project success. This model’s greatest source of weakness is likely 
not uncertainty about offtake markets, but lack of information about costs for maintenance and 
operations. Modeling Metro Vancouver or Contra Costa and tracking variance could help validate the 
model and make it more robust in these technical assumptions. OpEx is based on stochastic events, and 
feedstock variability can be derived from existing plants. Model development should be built around 
continuous real-world run data from partnering waste treatment operations as much as possible. The 
modeling efforts in this work are critical for optimization but still do not seem to provide potential users 
the information they would need to adopt technology without very detailed and resource-intensive 
investigations. A model that can predict HTL outputs based on easily translated feedstock composition 
metrics would be the most impactful work this team could do to make this technology approachable for 
potential users. Go/no-go milestones would be more impactful if they were based on some sort of real-
world validation. Presenting another blend’s modeled cost and demonstrating projections for improved 
catalysts for FY 2019 outcomes seems like it should be a rapidly obtained output of this model if the 
model was already mature at the beginning of the project. It also seems that adding model inputs or 
changing a parameter should not be an entire AOP task for a robust, mature model; even interpretation of 
these outputs should be somewhat routine if this model was mature at the beginning of the effort as well. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their helpful comments and feedback. The plant scale assumed is consistent 

with BETO’s algae pond model scale. We agree that larger-scale field testing of algae production is 
ultimately needed to reduce uncertainties around the performance assumptions and TEA at a commercial 
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scale. Regarding the conversion process, we expect to use our engineering scale HTL system (12x larger 
than bench) for sequential HTL testing in the future, which should provide insight closer to real-world 
operation and help identify scale-up issues. Our design case and SOT reports include detailed process 
design information and are made available to the public on the DOE Office of Scientific and Technical 
Information website. The primary purpose of our analyses is to determine feasibility early in the concept 
stage and guide and track progress in BETO’s R&D toward reducing costs and improving the viability of 
the technology. A rigorous engineering design estimate by an engineering, procurement, and 
construction firm would be needed to support decision-making around actual project construction. We 
agree that being able to systematically correlate incoming feedstock composition with biocrude and fuel 
properties is of great value. To this end, we have developed reduced-order models based on PNNL’s 
extensive library of continuous testing data to predict yield and quality for both algae- and waste-derived 
biocrudes from single-stage HTL (https://doi.org/10.1016/j.algal.2019.101450; 
https://doi.org/10.1016/j.apenergy.2020.116340). Our SEQHTL work is relatively new, but as more 
testing data sets are generated, a predictive model can be developed in the future. With regard to the 
project scope, analysis of the new sequential HTL process with coproduct generation for the FY 2020 
SOT involved significant work, including gathering, collating, and interpreting much data and 
information. It also involved substantial changes to the process and cost models, including modifications 
to the HTL process configuration, incorporation of new feedstock blend based on most recent testing 
data, and addition of bioprocessing simulation based on testing data. Regarding costing of the 
coproducts, the analysis estimates the minimum fuel selling price using a fixed coproduct market price, 
consistent with the other BETO pathway analyses. Another perspective, as the reviewer points out, is to 
calculate the minimum coproduct selling price using a fixed fuel selling price. We appreciate the 
comment made by the reviewer and will work to include it in future analysis. 

  

https://doi.org/10.1016/j.algal.2019.101450
https://doi.org/10.1016/j.apenergy.2020.116340
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MICROALGAE ANALYSIS 
Pacific Northwest National Laboratory 

PROJECT DESCRIPTION 
In 2012, the National Research Council stated, “A 
national assessment of land requirements for algae 
cultivation that takes into account climatic 
conditions; freshwater, inland and coastal saline 
water, and wastewater resources; sources of CO2; and 
land prices is needed to inform the potential amount 
of algal biofuels that could be produced economically 
in the United States.” This project developed and advanced a high-resolution spatiotemporal Biomass 
Assessment Tool (BAT) focused on fundamental questions of where production can occur; how much nutrient, 
land, and water resource is required; how much energy is produced; and, by evaluating numerous trade-offs, 
where the ideal production sites are located. To help answer these questions, the BAT considers existing land 
use/land cover, transportation networks, known and quantified nutrient sources, and refinery infrastructure. 
The BAT provides a biophysics-based analysis tool for linking key BETO and industry research activities to 
achieve high-impact objectives. This project supports BETO efforts in Multi-Year Project Planning, SOT 
reports model harmonization, waste-to-energy, and experimental design. It has also supported industrial siting 
studies and outreach through the Technical Assistance Program. Results from this study have resulted in 23 
peer-reviewed publications of direct benefit to industry to evaluating optimal site locations, strains, and 
operations. 

 

WBS: 1.3.5.203 

Presenter(s): Mark Wigmosta 

Project Start Date: 10/01/2020 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $1,725,000 
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COMMENTS 
• Overall, this project is off to a strong start. The project management plan is strong. Communication 

between the project team is weekly, and risks and risk mitigation strategies are clearly detailed. The 
technical approach is good, and the project team is focused on identifying and assessing impacts of 
design and operational constraints and risks for algal biofuel feedstock production. The PNNL BAT 
would be a useful tool for the algae community; thus, its impact would likely be significant. The project 
team has made good progress addressing the project goal of developing the BAT, and the project seems 
to be on schedule. 

• The BAT is being applied to assess alternative algal feedstock production strategies to determine which 
will yield the highest biofuel production at the lowest cost and resource utilization. Analyses are directly 
focused on BETO MYPP targets. Of interest, results for wastewater co-location are looking to meet the 
go/no-go target, suggesting that significant algal productivities can be achieved with all nitrogen, 
phosphorus, and water requirements met by co-located wastewater. 

• The project provides assessments for resource availability and management nationally. The team and 
management plan described are appropriate for this project. The risks and mitigation strategies are 
clearly delineated for this project. Progress was described through tasks, milestones and go/no-go 
decision points, providing an adequate assessment of progress for the project. The team uses a well-
established BAT to evaluate resources nationally and provide algal production strategies. To do this, the 
team collaborates with other projects across the BETO portfolio (e.g., DISCOVR and BETO Waste-to-
Energy) to incorporate best processing capabilities and understand resource constraints. This is a project 
with broad impact and wide dissemination for the BETO portfolio. The work from the project directly 
addresses the availability of national resources to achieve the BETO MYPP targets. It is very prolific in 
number of publications and major reports. Progress for this AOP includes the biomass growth 
assessments to guide pond operations with a 7-day forecasting tool. The team has provided an 
assessment of freshwater and brine water availability, and CO2 co-location and wastewater co-location 
for the United States. The projects outcomes are made readily available through publications. The overall 
presentation would benefit from focus on understanding key inputs and how these challenge the overall 
assessments. 

• The team seems small and contained, but also well connected for collaboration with appropriate SOT, 
LCA, and DISCOVR teams. Risks for this modeling effort seem low and well addressed, but the greatest 
risk for most of the broad modeling efforts still seems to be a lack of industry adoption and input, as the 
user base for the BAT model may not be growing. Designing this model for compatibility with other 
existing models makes it a more useful tool and can help unify metrics across the platform. Coordination 
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with the waste-to-energy team and portfolio will broaden the scope and applicability of this work in a 
positive way. The methods used for verifying forecasting growth seem reasonable for very standard 
conditions but do not seem like they will be useful in predicting stochastic events or recovery from 
upsets. Integration of water stress data into this model does not promote tremendous optimism about 
many sites assumed to be ideal for cultivation in previous iterations of this model. This work does 
narrow down potential candidate sites appropriate for sustainable cultivation to a much more constrained 
geography, which should accurately inform potential commercial and industrial cultivators where to site 
future operations for the greatest positive impact. Brine water management modeling produced in this 
effort helps demonstrate feasible saline sources and proposes viable solutions for inland cultivation and 
helps align long-standing plans with updated data analysis. Greater specificity was added to an already 
powerful tool that will help narrow site selection for potential users by highlighting availability of 
critical resources. 

• The work being undertaken by PNNL remains a very important tool for BETO and the larger algae 
industry. It continues to build on past efforts and reflects current efforts and topic areas. The 
methodologies and technologies used help gauge the national opportunities and leverage available 
resources, geographies, and regular climate patterns in evaluating the deployment potential of algae 
strains and production technologies, as well as offering projections into the future. In return, these efforts 
help inform the next set of decisions by BETO and industry, develop updated information and data that 
in turn is used in updated BAT modeling. This work has resulted in a significant number of publications 
and industry acknowledgement as a very valuable resource. 

• This tool maps site selection data such as biomass growth potential, water demand, water supply, CO2 
co-location, and transport costs, providing very effective data and visuals and a key linking of resource 
availability to support projections of industry potential and site selection. The team demonstrated good 
progress on this work, which is broadly valuable to the growth of this industry and meeting program 
goals. The work evaluating municipal wastewater co-location can help support decision makers as algal 
cultivation in wastewater continues to be evaluated given the continued appeal of wastewater as a “free,” 
nutrient-rich water source. It could be of value within the bucket of “wastewater” to consider and 
differentiate between different types with interest potential (e.g., municipal, agricultural, anaerobic 
digestion digestate). In considering brine management options, the team may find value and efficiencies 
in connecting with the relatively recently formed National Alliance for Water Innovation if they are not 
already working together; brine management is a key focus area for them. 

PI RESPONSE TO REVIEWER COMMENTS 
• The insightful comments provided by the reviewers are greatly appreciated. The project team is highly 

motivated by the positive comments made by the panel. We appreciate the Review Panel’s view on the 
lack of industry adoption of broad modeling efforts; we agree with this statement as well. Moving 
forward, we will reengage with the industry and actively seek out engagements as part of our project 
outreach task. We will continue to publish project results and work closely with BETO’s SOT efforts, 
the Industrial Advisory Board of DISCOVR, and waste-to-energy, all of which have significant input 
from the industry. Field pond measurements were useful to demonstrate the concept and robustness of 
the short-term forecasting system under generally standard operating conditions. In the upcoming 
LEAPS experiment, we will include more weather variability (similar to the outdoor pond conditions in 
Arizona) to test the forecasting system in guiding real pond operation. For instance, if the biomass 
productivity is forecasted to decline in the next few days because the weather is expected to get colder, 
operators will know now it is the time to harvest. In operational practice, the biomass forecasting system 
will use an ensemble of real weather forecasts (stochastic events) to mitigate upset events (e.g., best 
harvesting time and dilution rate) and maximize biomass production. Of all the BAT model inputs, 
proper treatment of climate variability/change represents one of the greatest challenges to designing 
relatively stable, sustainable microalgae feedstock operations. As previous BETO model harmonization 
studies have demonstrated, the use of a representative location and mean climate is insufficient to 
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properly capture climatic impacts on large-scale production. Rather than evaluating mean values (e.g., 
long-term mean of seasonal production) against fixed targets, we are now looking at the likelihood 
(probability) of achieving that target in a given year, or the persistence (number of consecutive years) of 
failure to meet a selected target. We feel this type of information is essential for the proper analysis of 
location-specific microalgae feedstock production. In coordination with the BETO Waste-to-Energy 
program, we have performed an assessment of national municipal wastewater treatment plants with 
regard to plant-specific operations and supply of water and nutrients at various treatment phases. With a 
biomass growth model and a water and nutrient budgeting model in place, understanding the on-
premises or co-location opportunities with both high-rate algae ponds and PBRs will be a focus to 
provide necessary insights on physical and techno-economic boundaries, and thereby understand 
locations with the greatest co-location potential. A defined need in this space is to perform high-
resolution land suitability analysis in concert with techno-economics to quantify actual available land 
area within an economically defined vicinity of a given municipal wastewater treatment plant. While the 
work to date has focused on municipal wastewater, we agree with reviewers that the opportunity space 
can be opened further with the consideration of industrial and agricultural wastewater, and we will assess 
available data to support this type of analysis. With regard to saline and brackish water utilization, the 
reviewers provide an excellent recommendation to connect with the DOE National Alliance for Water 
Innovation and understand possible synergies in this space, particularly around viable desalinization and 
brine disposal technologies that can be integrated into our modeling platform. Our team will take this 
recommendation to action. 
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LIFE CYCLE ANALYSIS 
Argonne National Laboratory 

PROJECT DESCRIPTION 
This project provides energy and environmental LCA 
of advanced algal systems to support BETO R&D 
decisions and to provide reliable benchmarks for 
algae production and fuel/product pathways and 
estimates of their life cycle energy and environmental 
metrics for BETO stakeholders. It is a continuation of 
a task that has been active at Argonne for 10 years. In 
the first year of this new project cycle, the project team is analyzing the life cycle energy and environmental 
benefits and trade-offs of alternative carbon dioxide sources for algae production, considering CO2 from direct 
air capture, electricity generation, industrial sources, and high-purity sources. We are collaborating with the 
National Energy Technology Laboratory (T. Skone) for this effort and will leverage LCA data sets for direct 
air capture and capture from fossil energy sources. During the first year, the team is also analyzing algae 
production in saline water, continuing a collaborative effort with PNNL that began in FY 2020 focusing on 
understanding the energy and environmental implications of salinity maintenance and brine management. In 
the second and third years of the project, we will expand the focus to LCA, examining production of higher-
value products from algae and integration of algae production with wastewater/manure management systems. 

 

WBS: 1.3.5.204 

Presenter(s): Troy Hawkins 

Project Start Date: 10/01/2020 

Planned Project End Date: 09/30/2023 

Total DOE Funding: $275,000 
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Photo courtesy of Argonne National Laboratory 

COMMENTS 
• The project recently started and has made good progress to date. The project management plan is clear 

and well described. How often the project team is meeting is not clear, and risk and mitigation strategies 
do not appear to be addressed. The approach seems good; four tasks are focused on key questions for 
understanding life cycle metrics for algal systems. LCA is important for benchmarking and tracking 
R&D progress of pathways to produce low-carbon, sustainable algal biomass, and thus impact is clear. 
Data and models will be distributed publicly in annual Greenhouse Gases, Regulated Emissions, and 
Energy Use in Technologies (GREET) model releases. The project team has made progress looking at 
the LCA of high-purity CO2 sources and LCA of saline algae production systems. 

• The five proposed project tasks, focusing largely on water considerations and CO2 sources, align with 
BETO’s goals for increasing sustainable algae production and reducing the resource burden of algae 
cultivation. LCA results are harmonized for inclusion in the GREET model and released in annual 
updates, allowing data to be widely available for public use. The project results will clearly support the 
future assessment of viable commercialization and R&D strategies. Completed and in-progress analyses 
are addressing the impact of water stress, high-purity CO2 availability, saline cultivation, and on-site 
location feasibility for algae cultivation. The next analysis will consider impact of the CO2 source and 
will incorporate DAC technology, which is timely and of significant interest to the industry. 

• The GREET LCA model is an essential tool for evaluating the relative merits of differing approaches 
with concrete, measurable contributions to the commercialization path. The reported project is in its first 
of 3 years toward generating rigorous and detailed LCA addressing four critical issues: (1) marine algae 
systems, (2) diverse CO2 sources, (3) algal bioproducts, and (4) integration with wastewater/manure 
management. The team is well organized and has made clear progress after less than 6 months. A case 
was made for incorporating local water availability in site selection criteria, although this may be less 
compelling depending on a project’s specific criteria should saline or wastewater be used in place of 
freshwater. 

• The main goal of this AOP is to provide tools to assess the sustainability of algae production systems 
toward biofuels and bioproducts. The approach utilizes LCA tools for case studies of interest to BETO in 
algae production and conversion pathways, benchmarking the state of technologies and evaluating 
alternative processes. The team uses new models to assess algal pathways and provides harmonization of 
LCA approaches across the BETO algal systems program. As such, it is an essential part of the program 
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in modeling biomass availability and cost, sustainable production, integration of processes and 
platforms, and development of resource management. The impact of these tools is evident through 
contributions in high-profile publications and reports, along with model and analysis systems (e.g., 
GREET) that are widely accepted and utilized in the community. The team has created assessments for 
the CAP and HTL pathways and polyurethane coproducts. A new water impact assessment—AWARE-
US—provides a guide to sustainable scale-up for algae farms by understanding water availability and 
consumption across different geographic zones. They are also developing an assessment of high-purity 
CO2 availability sources across the United States. They are currently working on developing an 
assessment of saline water availability for algae production and impacts on water stress factors. 
Validation of inputs is a key risk for modeling technologies that should be discussed in more detail. 
There was some discussion on moving toward assessment of impacts from new direct air capture 
technologies being developed. The team and management plan described are appropriate for this project. 
Progress was described through tasks, milestones, and go/no-go decision points, providing an adequate 
assessment of progress for the project. Discussion of potential risks and mitigation strategies would 
enhance the presentation of this project. 

• The project team and the work product continue to provide an important reference and check on most of 
the individual BETO projects and programs. Its importance and effects cannot be emphasized enough. It 
needs to be recognized that the overall effort is limited by the available data and the ever-evolving 
understanding of the great many interrelated variables and the priority of events, decisions, and 
technology that remain in constant flux. Regardless, the team maintains a practical working knowledge 
regarding all the previous variables and endeavors to professionally reflect the same within the work 
products. The interactive nature of this approach is a good safeguard to maintain close relevance to the 
overall conditions involving commercialization of algae products with the ever-evolving SOT. The 
widespread adoption of the work products is a testament to the value and impact of these endeavors. 

• The team is composed entirely of modelers, which is appropriate for this effort but makes close 
collaboration with end users critical for validation of assumptions and modeled results. The periodic 
updating of a public-facing and transparent model has clear value for a broad range of consumers. 
Integration of algae cultivation into this model clarifies real value of proposed pathways and allows 
standardization for fuel credits, making commercialization more viable. The current investigations of 
saline water resources, water stress modeling, and wastewater cultivation are all very practical and 
appropriate. The approach described seems to lack a technical validation component where assumptions 
can be tested, and modeled results can be verified. The stark comparison of water stress geographies to 
proposed ideal cultivation sites is especially impactful. Many assumptions about preferred cultivation 
areas seem much less desirable in light of this information. This is the very sort of information that 
models like this one can provide to drive critical decisions. The culmination of many dynamic variables 
into a single, simple, quantifiable water scarcity metric is especially impactful. The consistent use of this 
tool by industry and groups like the California Air Resources Board indicates that the work is impactful 
and far-reaching. All project milestones and deliverables appear to be met. As no risks were inherently 
described, it appears that there are no employed mitigation strategies to assess. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for recognizing the value of this work. It is very nice to hear that it is an essential 

part of the program and that the products have clear value for a broad range of consumers. The 
reviewer’s point about better describing the potential risks and mitigation strategies is well taken, and as 
mentioned, validation of our models is a key risk that we have taken steps to mitigate. The team meets 
weekly to discuss progress and troubleshoot issues that arise. The Argonne team works closely with 
PNNL’s algae resource assessment and hydrothermal liquefaction conversion TEA efforts and NREL’s 
algae farm and combined algal processing TEA projects to leverage data and model outputs across the 
teams. The beauty of the depth of analysis happening across the BETO portfolio and the coordination 
amongst the projects is that values that have been deeply vetted in the context of one effort can be 
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leveraged for another. Both PNNL and NREL have been engaged with us on the LCA of saline algae 
production. Outside of this project, many of the same researchers collaborate through BETO’s annual 
SOT and target case benchmarking efforts. We also regularly review the literature to vet the values used 
in our analyses against those reported in outside studies. We have found that the interaction of LCA with 
other process modeling, TEA, and resource assessment efforts provides natural opportunities for quality 
assurance across projects. Finally, Task 5 in our project is specifically dedicated to harmonization across 
BETO’s TEA, LCA, and resource assessment projects. In addition, the Argonne team has engaged with 
an industry partner to collaborate on the FY 2022 analysis of algae products and who will also provide 
field measurements. In parallel, Argonne staff are also participating in another algae technology 
development project led by University of Maryland and funded by the Office of Fossil Energy, which 
provides valuable additional perspectives to this effort. Another risk we have encountered is schedule 
slip, specifically associated with data hand-offs across labs. We have mitigated this risk through close 
communication and staged data hand-offs to allow us to have the analysis routines in place in advance. 
Along with schedule slip is the risk of working inefficiently, which we have mitigated by having parallel 
tracks in the analysis so one can always be advanced if the other is on hold. We appreciate the reviewers’ 
positive response to our work and will continue to strive to produce rigorous analyses useful for 
informing research and development of advanced algal systems and, as collateral, tools that make the 
analyses transparent and allow others to replicate and extend the results. 
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INTEGRATED LOW-COST AND HIGH-YIELD MICROALGAL BIOFUEL 
INTERMEDIATES PRODUCTION 
MicroBio Engineering Inc. 

PROJECT DESCRIPTION 
This project, carried out from October 2016 through 
March 2021, achieved algae biomass productivities 
exceeding the BETO MYPP goal of 3,700 gallons of 
biofuel intermediates per acre-year. MicroBio 
Engineering Inc. collaborated with the California 
Polytechnic State University team to screen algal 
strains from culture collections and new isolates for 
productivity, robustness, and harvestability, with the most promising strains—Scenedesmus obliquus (UTEX 
3031) and a new Tribonema minus—further investigated. An S. obliquus strain was obtained from a strain 
selection protocol that was 29% more productive than the original wild-type in side-by-side comparison in 
outdoor raceway ponds over 8 months of cultivation. Sandia National Laboratories (Livermore) performed 
genomic characterization of improved strains and de novo sequencing of genomes of novel species, as well as 
protein and carbohydrate fermentations. Heliae Development LLC carried out mixotrophic 
(photoheterotrophic) cultivation of microalgae and demonstrated greatly increased biomass productivities 
through novel cultivation strategies. The overall process was modeled through TEA and LCA for autotrophic 
and photoheterotrophic pathways, with the latter achieving >60% reduction, bringing the MYPP goals to well 
below the $4.96/GGE goal set for 2021. 

 

WBS: 1.3.5.243 

Presenter(s): Aubrey Davis 

Project Start Date: 10/01/2016 

Planned Project End Date: 03/31/2021 

Total DOE Funding: $6,283,684 
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Photo courtesy of MicroBio Engineering Inc. 

COMMENTS 
• Overall, the project team met their project goals and demonstrated more productive S. obliquus strains 

through an adaptive laboratory evolution approach. The nine tasks for the project were well laid out with 
appropriate task leaders identified. Communication among the team participants was not clearly 
identified, and risk identification and mitigation strategies were not clearly explained. The approach to 
develop more productive algal strains through adaptive laboratory evolution has substantial merit and 
resulted in notable productivity improvements in S. obliquus. The impact of this project is clear. The 
project adds a useful tool for improving algae productivity. The project team met the final project TEA 
and LCA targets for the mixotrophic pathways they modeled. 

• The project contains several novel concepts and approaches in pursuit of several BETO goals. A highly 
qualified team is assembled and was engaged throughout the project. There was no real discussion of 
risks anticipated or faced, and it was difficult to ascertain the data or the bases used for many of the 
conclusions being presented. Growth rates are presented in the mid to high teens (in g/m2/d), whereas 
projected annual averages of greater than 33 g/m2/d are listed, and 15 and 31 g/m2/d are used for 
different TEA/LCA analyses, respectively. It is also unclear when reclaimed water or wastewater is used 
and how the individual products and corresponding coproducts are produced, at what volumes, and at 
what prices. 

• The project is contributing annotated genomes of promising strains isolated from wastewater, which will 
increase the diversity of algal genomic data available for public use. It would be interesting to 
understand the composition of the native polyculture in order to better appreciate the differences 
observed in performance between the monoculture isolate (e.g., T. minus) and the polyculture (e.g., what 
percentage of the polyculture is T. minus across the cultivation campaign, what was the dominant algal 
species of the polyculture). It would also be important to show if the T. minus monoculture remains a 
monoculture during field trials, or if it reverts back to a polyculture over time when processing 
wastewater. From the data presented, it doesn’t appear that the S. obliquus mutant MBR501 has the 
ability to outperform the native polyculture. Data for the MBE501-12 mutant is more promising, but the 
difference appears like it may only be significant during hot summer months, and additional long-term 
outdoor data will be needed to confirm this observation. Variant analysis for this strain has shown some 
interesting gene mutations. The team developed a mixotrophic growth strategy that has dramatically 
enhanced performance of S. obliquus, with a projected annual average of >33 g/m2/day. According to 
TEA/LCA, the mixotrophic growth of S. obliquus for conversion to fuel products (ethanol, fuel alcohols, 
and renewable diesel) and fertilizer would reduce the MFSP to a projected $4.96/GGE. Overall, the 
project results exceeded the MYPP and project goal of producing 3,700 gallons/acre/year. 
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• The project is nearing the end of a 5-year project and has shown good performance in outdoor systems. 
Some of the planned work related to anaerobic digestion could not be completed as a result of the 
COVID pandemic. The reporting of work as conducted with reclaimed wastewater was somewhat 
confusing, as the water in question has been fully treated to tertiary standards and is of reuse quality, and 
therefore seems a less-attractive source water for algal farming versus a saline or untreated wastewater 
source. A projected 33-g/m2/day outdoor annual average productivity with recycled nutrients and media 
was given but not clearly backed up as to the path to achieving this metric. 

• The team and management plan described are appropriate for this project. Progress was described 
through tasks, milestones, and go/no-go decision points, providing an adequate assessment of progress 
for the project. Discussion of potential risks and mitigation strategies would enhance the presentation of 
this project. The project is at the end of its funding period and has provided an approach through 
adaptive laboratory evolution and wastewater use leveraging mixotrophy to improve productivity. The 
algal biomass is then converted to biofuel intermediates though extraction, fermentation, and digestion 
for residues. The processes are then taken through TEA/LCA to assess performance and impact. The 
approach is deemed viable. The main impact of the project is associated with reaching BETO’s goal of 
producing 3,700 gal/acre/yr. The team has a good record of publications, providing excellent 
dissemination of technologies and results. The strain screening and selection followed by evolution of S. 
obliquus via ultraviolet mutagenesis resulted in a 25% more productive strain. The mixotrophic 
cultivation processes developed under the project resulted in very successful S. obliquus cultivation with 
projected annual biomass productivity averages of >33 g/m2/d. These productivities exceed the MYPP 
goal of 3,700 gal/acre/yr, with the TEA showing MFSP of $4.96 and LCA showing a 60% reduction in 
greenhouse gas emissions. 

• The team’s geographic co-location is favorable for easy collaboration. Involving Sandia National Labs 
for fuel upgrading tests seems like a wise use of resources. The roles of the participants are not well 
described. Outdoor cultivation seems to have happened on BG-11 media with acetate or synthetic 
primary clarified effluent. Extrapolating a projected annual average growth rate from cultivation on this 
media may not yield growth rates representative of those that will be seen in the field using wastewater 
or a more affordable and optimized media mix. It’s unclear how taking a UTEX strain from 9.0 g/m2/day 
to 13.9 g/m2/day while introducing a mixotrophic consortium represents progress, as this benchmark 
falls short of the SOT and established growth rates for mixotrophic cultures. The team has said 
repeatedly that they use wastewater for cultivation of algae, which would be impactful from an 
environmental services perspective; however, during the review, it was explained that the team is using 
polished water that is approved for agricultural use. Making strains publicly available along with their 
genome sequences and associated data could have a positive impact on the industry if future researchers 
find value in continuing work with these strains. The TEA and LCA described seem to derive value from 
wastewater treatment. However, as previously noted, it does not appear that wastewater is actually being 
used. The final tasks associated with anaerobic digestion of fermentation broth were not completed. The 
project goals seem to have been met with modeled projections. The foundation of these models is 
somewhat in question if wastewater is the basis but is not really being used. Two genomes were 
assembled and annotated. A new cultivation method of mixotrophic growth was developed. Other 
tangible advances are unclear. Bacterial control measures may represent meaningful progress but are not 
described. Patents were filed as part of the project, but inventions are not described even in the 
supplemental materials section under patents. Modeled growth rates do not seem to have a path forward 
to translation into practice. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their constructive comments on this completed project. The first reviewer 

expressed interest in more information about the outdoor cultivation campaigns, specifically regarding 
the performance of the native polycultures, T. minus, and the improved Scenedesmus strains. The 
polycultures were routinely monitored by microscopy, and data were collected about the contribution of 
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the major algal species found in the polyculture, which changed over the seasons. The data on 
polyculture composition were not presented at the Peer Review because of time constraints. T. minus 
was never a dominant species within the polyculture, although it was almost always present. Dominant 
algal categories included the green algae Scenedesmus, Desmodesmus, Pediastrum, and the filamentous 
Stigeoclonium. The monocultures tested were also routinely monitored by microscopy. When 
contamination by weed algae reached a threshold of 20% in either of the replicate ponds, both ponds 
were cleaned and restarted with fresh culture; therefore, reversion to polyculture did not occur during the 
trials. For a more detailed description of the methods used, please see Davis et al. 2021 
(https://doi.org/10.1016/j.biortech.2021.125007). Regarding the development and performance of 
improved strains, we first demonstrated that mixed populations were promising prior to isolating and 
screening individual clones in order to improve screening efficiency. The MBE501 culture consisted of 
an ultraviolet induced, genetically variable population that had been selected for approximately 200 
generations for improved growth. It is important to note that this was not a clonal population, but rather a 
mixture of genetically diverse cells with a common desirable phenotype. Because the population was 
diverse, results from bench-scale and outdoor trials represented the average phenotype of all cells in the 
population. In other words, productivity was a bulk measurement of the performance of all the individual 
cells in the population, with some phenotypes performing better than others. Once we established that 
MBE501 was promising (more productive that the wild-type), we isolated and screened numerous clones 
in laboratory PBRs to identify the top-performing strains. MBE 501-12, the 12th clone to be isolated 
from the MBE 501 population, emerged as a top performer. Once isolated and validated in bench-scale 
studies, outdoor trials consisting of duplicate ponds were conducted simultaneously with MBE 501, 
wild-type and polycultures for comparison. Although time limitations and COVID-19 restrictions 
prevented an annual productivity average from being obtained, 8 months of outdoor cultivation covering 
the major seasons (May–December) demonstrated that MBE 501-12 was 29% more productive than the 
wildtype Scenedesmus, and it outperformed the native polycultures by 13% during the same time period.  

• Several reviewers requested clarification about the use of reclaimed wastewater for strain validation in 
outdoor trials and the integration of photoautotrophic and mixotrophic cultivation strategies to achieve 
project goals. Phototrophic and mixotrophic outdoor cultivations were conducted in two different 
locations and for two different tasks. The purpose of Task 3 was to validate monocultures in reclaimed 
wastewater and was conducted at the Algae Field Station in San Luis Obispo, California, through a 
subcontract with California Polytechnic State University. The purpose of Task 9 was to characterize the 
mixotrophic capabilities of strains identified as promising during the project and to optimize mixotrophic 
cultivation strategies for increased productivity, work that was performed through by Heliae 
Development LLC through a subcontract. The main objective of this project was to apply a non-
genetically modified approach to generate improved strains that are more productive than the wild type. 
This metric would be challenging to demonstrate with cultivation in primary clarified effluent due to the 
amount of particulate matter, weed algae, and the high bacterial load present in primary wastewater. We 
validated strain improvements outdoors using filtered, fully nitrified reclaimed (secondary) wastewater 
effluent. With this, we successfully developed (Task 5) and validated improved strains in long-term 
outdoor trials (Task 3). Simultaneously, Heliae characterized the mixotrophic capabilities of S. obliquus 
in bench-scale experiments and outdoor pond trials in both BG11 and synthetic primary clarified effluent 
(Task 9). Cultures were supplied with organic carbon in the form of acetate, which can be derived from a 
waste source, such as through fermentation of lignocellulosic biomass, wastewater, or wastewater 
sludge. Additionally, Heliae advanced a cultivation strategy of photoautotrophy in an initial stage, 
followed by photomixotrophy, termed the Photo-Mixo-Partial process (see process flow diagram). The 
ponds were operated semi-continuously with routine dilutions and biomass harvests. During the initial 
photoautotrophic stage, bacterial loads remain low, allowing robust algal cultures to become established 
prior to boosting productivity through acetate addition. Additional bacterial control measures were 
developed and applied during mixotrophic cultivation by the addition of phagotrophic organisms that 
consume bacteria and keep their populations low. This approach has proven very successful, with 
projected annual average productivities exceeding 31 g/m2/d, providing robust algal strains are used to 

https://doi.org/10.1016/j.biortech.2021.125007
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rapidly establish healthy starting cultures. During the project, TEA/LCA modeling demonstrated that 
mixotrophy would be required to reach the ambitious BETO goals. To that end, the high yielding strains 
developed in Task 5 and validated in Task 3 are needed to establish healthy photoautotrophic cultures for 
the Photo-Mixo-Partial approach prior to trophic mode-switching. Therefore, both photoautotrophic and 
photomixotrophic productivities are important and were used in the modeling studies.  

• In regard to using reclaimed wastewater approved for agricultural uses, that is a non-potable water 
source and can be used for biofuels production 
(https://water.es.anl.gov/documents/WaterandEnergy2015_proceedings%20paper.pdf), including 
microalgae. The reclaimed water used in this study was treated by the City of San Luis Obispo to levels 
suitable for crop irrigation. However, a vast majority of it is discharged to a creek leading to a coastal 
lagoon. It still contains high concentrations of nitrogen (~20 mg/L) and phosphorous (~3 mg/L), and its 
eutrophication potential has led the local water authorities to require more complete nutrient removal. 
Generally, reclaimed water has to be managed carefully when used for irrigation to avoid contaminating 
ground or surface waters. Nutrient removal is often proscribed even for water recycled to irrigation. 
Thus, reclaimed water is an apt medium for algae nutrient remediation, with expectation of treatment 
credits.  

• Some reviewers noted that the BETO Peer Review presentation would have benefitted from a more 
detailed description of project participants and risks and mitigation strategies. The role of each 
participant in this large, multifaceted project was not emphasized due to time constraints. Briefly, 
MicroBio Engineering Inc. (led by Dr. John Benemann and Dr. Aubrey Davis) was responsible for 
project management and coordination and TEA/LCA studies. Strain selection, outdoor cultivation, 
biomass processing, and anaerobic digestion studies were carried out in part through a subcontract with 
California Polytechnic State University in San Luis Obispo (Dr. Tryg Lundquist and Ms. Ruth 
Spierling); genomic analysis and fermentation studies were conducted by Sandia National Labs (Dr. 
Todd Lane, Dr. Krissy Mahan, Dr. Ryan Davis); and the mixotrophic cultivation effort was carried out 
by Heliae Development LLC (Dr. Mike LaMont and Mr. Steven Pflucker). For a summary, please see 
“Management” on slide 4.  

• Risks were identified and mitigation strategies applied throughout the project. One risk concerned the 
performance of the wild-type strain chosen as the focus of the project (Scenedesmus obliquus) and 
whether it would be sufficiently productive in San Luis Obispo, California. To address this, a 
bioprospecting effort for native isolates productive under local conditions was conducted as a mitigation 
strategy and resulted in the identification and characterization of a highly productive strain of Tribonema 
minus (https://doi.org/10.1016/j.biortech.2021.125007). Another mitigation strategy was that the 
individual tasks performed by project partners were relatively compartmentalized such that technology 
advancement was generally not dependent on the progress in other tasks. For example, development of 
novel mixotrophic cultivation strategies, the variant analysis pipeline, advanced conversion technologies, 
and biomass processing and optimization were independent of strain improvement success. Regarding 
the reviewer request for more information about patents resulting from this project, patents are in 
progress, and, until disclosures are filed, details cannot be provided on advice of counsel.  

  

https://water.es.anl.gov/documents/WaterandEnergy2015_proceedings%20paper.pdf
https://doi.org/10.1016/j.biortech.2021.125007
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REWIRING ALGAL CARBON ENERGETICS FOR RENEWABLES 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
Critically needed improvements in biomass and 
biofuel intermediate productivity can be made by 
addressing fundamental inefficiencies in algal carbon 
conversion efficiency to biofuel intermediates. Algae 
photosynthesis is, at best, able to convert 5%–7% of 
incident light energy to biomass, while conversion to 
fuel intermediates falls 15%–25% short of its 
maximum potential due to inefficiencies along the pathways. Recent progress in the Rewiring Algal Carbon 
Energetics for Renewables (RACER) project consortium focused on a means to address these inefficiencies in 
a pathway from algal biomass to a variety of fuel intermediates, ethanol, 2,3-butane diol, lipids, and green 
biocrude. This project engineered a production-relevant algal species Desmodesmus armatus (SE 00107) to 
demonstrate biomass productivity improvements, with a doubling of the fuel intermediate yields. The new 
algae biorefinery paradigm embodied in RACER opens opportunities for algae engineering beyond efforts 
typically targeted solely at lipid content or improved light harvesting efficiency. Parallel approaches showed 
improved carbon conversion efficiency through elimination of wasted energy during photosynthesis and 
increased carbon flux to transitory carbohydrate storage in the cells. Outdoor operation and nutrient 
management strategies with improvements in pretreatment, fermentation, and extraction in a combined algal 
processing approach showed a 40% reduction in MFSP, with a combined biofuel productivity of >3,700 
gal/acre. 

 

WBS: 1.3.5.270 

Presenter(s): Lieve Laurens 

Project Start Date: 08/01/2017 

Planned Project End Date: 12/31/2020 

Total DOE Funding: $3,608,347 
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Photo courtesy of National Renewable Energy Laboratory 

COMMENTS 
• The overall goal of this project is to improve the intermediate productivity of Desmodesmus armatus 

through regulation of carbon conversion pathways and production of ethanol, butane diol, lipids, and 
HTL biocrude, toward reaching 3,700-gal/acre/yr productivity. The team and management plan 
described are appropriate for this project. The risks and mitigation strategies are clearly delineated for 
this project. Progress was described through tasks, milestones, and go/no-go decision points, providing 
an adequate assessment of progress for the project. The overall approach for the project includes 
engineered strain development, which was not successful, as it has been unable to confirm genomic 
insertions, pond operational management, conversion to fuel intermediates, and TEA and sustainability 
analysis. Clarification as to why this strain was selected for these studies and level of understanding of 
its genome qualities and ability to engineer the strain would have been helpful. Some milestones were 
missed due to genotype/phenotype instability, resulting in rescoping to provide in-depth comparative 
genetics. A rescoping toward a comparative genomics effort is envisioned, but it is not clear how this 
effort will help with the main goal of the project and if it will help it achieve more stable transformants. 
The project has a good publication record with seven peer-reviewed publications and a patent application 
on genetic engineering. The project’s pioneering work with the pesticide fluazinam for pond 
management is now being implemented in other projects for the BETO program. The enzymatic 
hydrolysis approach is very efficient and provides an excellent pathway toward ethanol and butane diol. 

• The team draws from many teams, but Sapphire seems to be responsible for the majority of the work, 
and their role and responsibilities in the project seem unclear. Inclusion of a well-qualified industrial 
advisory board and coordination with national lab and AzCATI teams in the DISCOVR program provide 
excellent conduits of communication with advances to the SOT and increase the likelihood of overall 
project success. The reason the team dedicated so much focus and effort on a single strain, Desmodesmus 
armatus, seems unclear. If there was some reason to believe results in this strain could be translated to 
other strains, then this may not have been clearly understood. Random mutagenesis appears to be a risky 
and often fruitless strategy when compared to rational strain engineering when developing carbon 
conversion efficiency. This project does not seem unique in its intent or outcome. Some components of 
the project seem to have been completed with success, including a new contamination control strategy, 
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but the failure to meet the most critical and challenging milestones in the project limits its impact 
significantly. The focus on a single strain without known transferability of any improved traits also 
inherently limits the impact of this work. It appears the most challenging and impactful milestones have 
not been met. The genetic instability of transformed organisms presents inherent risk at all scales, but 
this risk seems largely unmitigated by rational engineering strategies. If this one unique strain was 
chosen as the model organism for this project, it would stand to reason that some assurance of genetic 
tractability would be required before expending so much time and energy. Failing to receive TERA 
protocols may be indicative of the inability to stably integrate new characteristics into this strain. There 
is concern that the project may have fallen short of being successful toward the specific goals very early 
into the project, but didn’t recognize or address critical path dependencies, TERA permitting 
requirements and timelines, or impacts of not meeting milestones and goals early on. 

• The team has faced challenges with making forward progress on strain development project milestones 
due to genotype/phenotype instability of their engineered mutants. They are actively seeking to rescope 
the project to use comparative genetics to investigate carbon metabolism in this species, but it is not clear 
what value this will add to the overall project goals. Integrating metabolic conversion of algal sugars to 
butane diol by an engineered bacterium is an interesting pathway to consider, and conversion yields are 
impressive, but it is unclear if TEAs/LCAs support this strategy. The team was able to increase outdoor 
productivity by 27% with cultivation process improvements. However, the presenter acknowledged that 
since process improvements were exhausted early on in the project, it is unlikely that further 
improvements could be made during the remaining project period, which would be necessary to achieve 
the 17 g/m2/day target in order to reach the final milestone goal of 40% reduction in MFSP. The team 
should consider focusing on butane diol conversion by testing hydrolysate from other algae species of 
interest to the BETO portfolio. 

• This project has appeared to face many management challenges during its history, with changes to team 
members and shifts in thinking regarding preferred strains. Regardless, the outline and approach for 
RACER is directly aligned with many of BETO’s MYPP goals and needs. Despite being unable to 
deliver a documented result, the project’s ambition to submit TERA protocols should be acknowledged. 
It was not clear if there remains enough budget or schedule to rescope or otherwise attempt the missed 
milestones. While the project achieved many good outcomes, the total progress does not entirely satisfy 
the project goal and end-of-project milestone. The project served to transfer technology and coordinated 
well with other BETO programs and contributed to several SOT topics. Many project results were 
disseminated via publications. 

• This project is nearing completion and overall results appear mixed. Project meetings occur monthly, 
which seems too infrequent. The risks are clearly identified, and strategies are identified. A summary of 
how effective these strategies were would have been helpful. Impact of the project seems good. 
Developed technologies (genetic engineering tools, fluazinam pest control strategy, conversion, and 
fermentation platforms) were transferred to other projects in the DOE algae portfolio. Progress on this 
project was mixed. Genome instability hampered genetic engineering efforts. Outdoor growth 
improvements and improved carbon conversion were realized. 

• This project is nearing completion toward its goals of (1) improving photosynthetic carbon conversion 
efficiency, (2) advancing cultivation management techniques, and (3) tailoring and optimizing 
conversion processes. This project integrates upstream strain engineering with downstream biomass 
conversion for a more complete approach. The project successfully demonstrated a 27% increase in 
productivity in outdoor ponds. A key project takeaway was that pretreatment processes are critical to the 
conversion step and must be considered. 
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PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their complimentary feedback on this project. Several comments by the 

reviewers were reiterated, and we appreciate the opportunity to respond to some of the main questions. 
First, we acknowledge the reviewers’ comments around the challenges we faced in meeting milestones 
that were reliant on demonstrated phenotypes. The approach of placing phenotypic improvements of 
algae in the critical path of such a short-duration project is inherently risky. While this project relied on 
transformation methodology that was proven to work in this species at Sapphire at the onset of this 
project, and we were able to demonstrate the respective phenotypes for a series of engineered lines in the 
first year of this project, we subsequently encountered significant genomic instabilities that have, to this 
day, been remarkably underreported in the literature. In this context, we have pivoted to a different 
species and are incorporating an effort on comparative genetics in the final months of this project. We 
built the project as a farm-to-lab-to-farm concept to expand the potential of one the most productive 
strains in the portfolio of our then-partner Sapphire Energy (in 2016, when this project proposal was 
written). Desmodesmus armatus was selected by Sapphire because of its robust outdoor growth in Las 
Cruces, and Sapphire’s biotechnology and engineering team had demonstrated genetic engineering and 
transferred tools and background information to us. While we were able to repeat the transformation of 
this strain, we needed to collect many more details on genomic insertion sequence and stability data for 
the initiated TERA permitting process that finally elucidated a unique genomic rearrangement 
mechanism in D. armatus that may not be present in other species of algae, or not reported. This project 
has now started the closeout phase with the final deliverable just wrapped up on the TEA and LCA of 
improved productivity, composition, and fermentation/extraction and conversion metrics. There are no 
funds left for a rescoping effort. However, some of the reviewers mentioned the tech-transfer focus of 
this work and we are prioritizing this aspect, ensuring that novel technologies (and lessons learned) are 
transitioning to other projects. Thus, progress is not lost, but rather forms a new platform to build on to 
achieve some of the core carbon efficiencies that are ultimately critical for a sustainable bioenergy 
future.  

• With respect to project management and meetings, the full team convened on a biweekly basis for the 
majority of the duration of this project and transitioned to monthly updates in the final year when 
partners focused on the demonstration aspects of this project. What was not communicated in the 
presentation is that the subtasks continuously had more frequent, weekly sub-group meetings. For 
example, the strain development and genetic engineering (Task 1) team convenes every week to report 
and (re)align direction and expectations.  

• Finally, we want to correct the comment raised by one of the reviewers that Sapphire appears to be 
responsible for the majority of the work. This must be a misunderstanding; Sapphire was critical in the 
delivery of the strain and the initial contribution of outdoor cultivation data and know-how, but further 
only served in an advisory role throughout the rest of this project.  

• In summary, the goal of this proposed project was to build an integrated process to test the assumption of 
strain selection toward achieving overall carbon conversion efficiency metrics. While each of the 
respective unit operations in the process flow recorded the needed improvements, an integrated outdoor 
demonstration of a selected mutant strain for biomass production—which then fed downstream 
operations—created an unpredictable and much less attractive biomass composition and recalcitrance, 
with significant process cost and performance penalties as a result. One mitigation strategy to this 
understood risk could have been to build in contingency strains with more attractive native biomass 
composition to achieve the conversion yield targets and start such a parallel approach earlier. In one way, 
this project has brought a critical challenge to the forefront of genetic engineering of algae, and 
hopefully through publication and dissemination of the lessons learned may shorten the path for other, 
similar projects. The reliance on a stable genetic transformation event and activation of an overexpressed 
gene of interest to yield a compositional phenotype is inherently risky, and this parallel effort should 
have remained separate and not be positioned in a critical path that held up the conversion tasks and 
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deliverables. Within the constraints imposed on this project by the FOA requirements, significant 
progress has been made and improvements in genetic engineering, outdoor cultivation and crop control, 
and immobilized fermentation and HTL of protein-rich residues have all independently moved the 
needle and are in some form continued as part of separate projects. 
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OPTIMIZING SELECTION PRESSURES AND PEST MANAGEMENT TO 
MAXIMIZE ALGAL BIOMASS YIELD 
The New Mexico Consortium 

PROJECT DESCRIPTION 
The OSPREY (Optimizing Selection Pressures and 
Pest Management to Maximize Algal Biomass Yield) 
project responds to a critical industry need to improve 
annualized productivity, stability, and quality of algal 
production strains for biofuels and bioproducts. We 
aim to generate process innovations rooted in outdoor 
cultivation for strain selection, maintenance, 
cultivation, improvement, and pest management that will result in a 50% improvement in harvest yield and 
robustness and 20% improvement in conversion yield. Our project’s components are built on a single 
foundation: the year-round cultivation of a field-adapted algal biofuel strain in outdoor systems at Qualitas 
Health (Imperial, Texas), Cyanotech Corporation (Kona, Hawaii), the California Center for Algae 
Biotechnology (San Diego, California), and the Fabian Garcia Science Center (Las Cruces, New Mexico). The 
unique environmental selection pressures of each outdoor system will allow us to naturally develop robust 
cultivars with different environmental tolerances. Project components include tracking trait drift and evolution 
in the field and lab, using metagenomic tools to identify and track pests/pathogens, using non-genetically 
modified approaches to improve the baseline field-adapted strain, implementing process improvements, and 
assessing effects of improvements through sustainability modeling based on open raceway pond growth 
architectures. To date, our technical accomplishments include (1) the isolation of the field-adapted strain from 
Qualitas Heath ponds and establishment across the labs and additional field sites, (2) initial trait 
characterization of lab and field cultivars, (3) metagenome characterization across sites, and (4) application of 
selection and mutagenesis/selection to drive cold and hot tolerance. The project has been challenged by 
differential strain performance across labs and a lack of clear pests at field sites. Overall, our approach is 
unique because it relies on natural, outdoor selection pressures to drive fitness in strains that have already been 
identified as standards in the industry. Moreover, the work has broad relevance to algal biofuel and bioproduct 
industries, as the proposed pipelines can be applied to a variety of systems regardless of strain, location, or 
product.  

WBS: 1.3.5.280 

Presenter(s): Alina Corcoran 

Project Start Date: 10/01/2019 

Planned Project End Date: 12/31/2023 

Total DOE Funding: $6,289,829 
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Photo courtesy of The New Mexico Consortium 

COMMENTS 
• Overall, this project seems to be going very well. The project management plan is strong. 

Communication between the project team is bimonthly and risks and risk mitigation strategies are clearly 
detailed. The approach of using a field-adapted industry strain and field-lab-field iterations across unique 
field sites has merit and seems innovative. The project demonstrates clear potential for impacting algae 
commercialization efforts. Multiple industrial partners are involved in the project. Task 2 has been 
completed and other tasks are on schedule; thus, the project has made appropriate progress toward 
addressing project goals. 

• The project aims to develop a robust set of algae strains and cultivar systems by developing systems 
from the field into the lab and back into the field. The impetus is that this creates a more robust set of 
positive pressures for selection and cultivar management. The team and management plan described are 
appropriate for this project. The risks and mitigation strategies are clearly delineated for this project. 
Progress was described through tasks, milestones, and go/no-go decision points, providing an adequate 
assessment of progress for the project. The approach was clearly delineated against tasks, goals, and 
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go/no-go decision points. This incorporated the development of an already field-adapted strain from one 
of the partners through a pipeline of indoor and outdoor selection pressures, optimization for pest 
management, and improvement of field strain performance, resilience, and composition. This is a 
complex project; therefore, the approach description would have benefited from more details on each of 
the steps to be undertaken, perhaps through an example. The impact of the project was described through 
the improvement of robustness and yields for production strains, along with the development of a 
metagenomic database of pests across sites and fieldable pest-tracking kits. The impact to the BETO 
mission could have been explained more thoroughly by providing the major goals and targets that the 
project is addressing. The project started with the collection of a strain that has been adapted into 
production by one of the partners and cultivated at other partner sites. The team then moved toward trait 
and microbiome characterization across sites. The team has moved the strain toward ultraviolet 
mutagenesis for high- and low-temperature selection and adapted evolution. The team has completed a 
number of its major milestones and is on track for the remaining milestones. 

• The project has assembled a team and approach that can inform larger industry and program thinking 
regarding strains and strain development programs. The basis of using field strains to inform lab-based 
work and then return with the results back to the field is an important and practical step in support of 
near-term commercialization and reflects BETO program goals. The use of three multiple cultivation 
modes and four different field sites introduces complexity, but in a forward-leaning manner. The team 
will have an opportunity to review results against a decent profile of possible commercial locations and 
commercial strain candidates. COVID delays and the relatively recent project start date limits the 
opportunity to fully gauge progress and conclusions. It is helpful to see that initial milestones have been 
completed and the balance of the work remains on schedule. 

• The project team is composed of a nice mix of national lab, industry, and academic partners with strong 
backgrounds. There has been clear and deliberate thought to project management and risk identification 
and mitigation. The use and study of field adapted Nannochloropsis strains are unique to this project. 
Comparing the genotypes and phenotypes of the same strain being cultivated in three labs and four field 
sites is an interesting approach to determine trait fluidity. The team has shown adaptability in their 
approach to the pest management tasks by also including untreated ponds to ensure that pest invasions 
can occur, as their pest management SOP was too good. It is yet to be determined if mutagenesis or cold 
adaptation strategies will yield mutants with favorable performance, but the project is progressing on 
schedule. 

• This team is using a field-adapted industrially relevant strain, and outdoor-indoor-outdoor iterations 
across multiple, varied field sites to quantify and balance selection pressures across the lab and field with 
a goal toward optimizing processes with a strong focus on pest management, a critical issue for outdoor 
pond cultivation. The presentation was excellent and is to be commended on their strong project 
management, risk identification, and communication practices, which were conveyed clearly. These 
could be used as a model for other BETO projects. Early results have identified temperature as a key 
driver for pest pressures. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their evaluation of our project and the positive feedback. As pointed out by 

one reviewer, this is a very complex project. We welcome the opportunity here to provide additional 
information on the details of the project approach, with examples. Our project’s components—(1) 
balancing indoor and outdoor selection pressures, (2) optimizing pest management, and (3) improving 
field strain performance, resiliency, and composition—are built on a single foundation: the year-round 
cultivation of a field-adapted Nannochloropsis strain in four outdoor systems for approximately 3 years. 
The unique environmental selection pressures of each outdoor system will allow us to develop robust 
cultivars and will facilitate process innovations with broad geographic applicability. Throughout the 
project, we will track trait evolution across the field and lab sites, develop novel pest tracking tools, and 
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improve the field strain through non-genetic modification methods. As pest management tools come 
online, they will be validated and deployed at the industrial field sites. In addition, we will ‘beta-test’ 
new or improved strains and process innovations (e.g., changes to laboratory strain maintenance or 
seeding) at the New Mexico State University test bed. Finally, we will assess improvements through 
techno-economic and sustainability modeling based on open raceway architectures, leveraging existing 
models and including fuel and coproduct production pathways. As an example, illustrating process 
innovations, if a particular field or lab-maintained strain (or mutant) shows greater productivity or 
stability than the baseline strain, we can test and/or recommend reseeding procedures to enhance field 
performance. Fieldable pest-tracking kits will also allow us to reach our targets. As listed in our impact 
slide, our targets are a 50% improvement in harvest yield based on AFDW (g/m2/d), a 50% improvement 
in robustness based on stability metrics (e.g., high-productivity cultivation days, pond uptime), and a 
20% improvement in conversion yield. Additional outputs are process innovations in strain 
improvement, maintenance, and cultivation; a metagenomic database of pests across diverse sites; and 
fieldable pest-tracking kits. 
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ALGAL PRODUCTIVITY ENHANCEMENTS BY RAPID SCREENING AND 
SELECTION OF IMPROVED BIOMASS AND LIPID PRODUCING 
PHOTOTROPHS (APEX) 
Colorado School of Mines 

PROJECT DESCRIPTION 
Recent advances continue to demonstrate impressive 
progress toward improved algal photosynthetic 
productivities and biomass compositions for biofuel 
applications. Despite these significant strides, 
productivities from these photoautotrophs require 
further improvements in terms of biomass yields and 
compositions (e.g., higher oil content) for the 
economically successful production of algal biofuels. We propose to use a multipronged approach to improve 
the oil content in algae capable of sustaining high areal biomass productivities in outdoor ponds. One approach 
will use a suite of random mutagenesis techniques—for example, gamma radiation and atmospheric and room 
temperature plasma mutagenesis—to generate genetic diversity followed by targeted turbidostat/chemostat 
selection coupled with fluorescence-activated cell sorting to isolate higher-oil-accumulating strains of the 
diatom Nitzschia sp. GAI-229 (hereafter GAI-229), which is an exemplary, high-performance outdoor strain 
isolated by GAI. Diatom breeding will also be explored as a higher risk, but potentially exceptionally powerful 
approach to generate biomass diversity for the screening and isolation of more oleaginous strains and improve 
phenotype stability. The second approach will explore the disruption of storage carbohydrate synthesis using 
genetic engineering as a way to improve carbon partitioning to lipid biosynthesis in Nannochloropsis gaditana, 
which we recently adapted to grow in high-bicarbonate media for deployment using GAI cultivation 
technology. Species of Nannochloropsis are promising because of their endogenously high oil contents and 
production of eicosapentaenoic acid. Molecular engineering techniques, including CRISPR/Cas9 genome 
editing, are well established for species of Nannochloropsis, and mutants disrupted in chrysolaminarin 
biosynthesis have already been generated for this project and are in hand, but have not been tested for their 
suitability as a robust production strain. In the third approach, we will undertake a bioprospecting effort to 
isolate saltwater algae that are capable of thriving in GAI’s high-bicarbonate, high-pH media. We propose to 
follow recent “survival-of-the-fittest” selection strategies that have resulted in the isolation of highly promising 
production strains using different media types. 

WBS: 1.3.5.282 

Presenter(s): Matthew Posewitz 

Project Start Date: 10/01/2019 

Planned Project End Date: 04/30/2024 

Total DOE Funding: $4,920,378 
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Photo courtesy of Colorado School of Mines 

COMMENTS 
• Bioprospecting seems to be used as a risk mitigation strategy to prepare for the chance that random 

mutagenesis fails to yield an optimized field strain. This effort is always worthwhile but has been done 
so many times by so many groups using DOE funding that it no longer seems to be a suitable risk 
mitigation or strain optimization approach. The unique capabilities of the Queensland University of 
Technology team are not clear. The project utilizes a novel plasma generation unit, but the fundamental 
approach is still random mutagenesis. This mutangenizing agent may generate more insertions and 
deletions, resulting in fewer reversions, but the strategy still seems equivalent to gambling when 
compared to a rational engineering strategy. The same limitations that have kept random mutagenesis 
strategies from yielding robust field strains still constrain the potential of this work. The flow sorting 
strategy seems sound and similar work has yielded positive results in the past. It appears that the team 
has been improving and optimizing the PBRs, and it may be they become the indoor benchtop reactors 
most capable of simulating outdoor conditions. Project partners are not using these PBRs, and it appears 
each partner in the team is using a different arrangement, which may result in poor alignment of 
expectations and risk that lab work will not translate to the field. The plan to use GAI field media as 
opposed to BG-11 or another lab mix is smart and will help transition positive results from the lab to the 
field. Team describes using directed evolution, mutagenesis, strain prospecting, and novel breeding 
strategies simultaneously to drive strain improvements. This approach would be better if new strain traits 
were stackable or translatable, but as described, the approach seems to be a scattered and distracted all-
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of-the-above approach. Unless this team is searching in unique habitats or ecosystems for specific traits 
or bioprospecting in its local area because of regulatory import limitations, it’s unclear that this effort 
should be included in the scope and budget for this project. This work may result in marginal 
improvements in yield for GAI, but none of the learning seems very translatable to other work or the 
industry as a whole. The impact of this work seems limited by intellectual property protections that will 
shield any strains developed from broader use. This project has only recently started, and it is too early to 
comment on the progress and outcomes of the work. 

• Given the lack of results with traditional non-GMO mutagenesis approaches, the proposal to try 
atmospheric and room temperature plasma mutagenesis is novel and could potentially produce more 
stable genotypes and phenotypes. The mutagenesis work will be conducted at the Queensland University 
of Technology in Australia. Breeding, selective environmental pressure, and bioprospecting efforts are 
also focused on increasing lipid and biomass productivities with the goal of reaching 23 g/m2/day and 
>31% lipids. The novel parts of this project are very high risk but could yield significant rewards if they 
work. The project is in the early stages, and the team has made appropriate progress toward current 
milestones. 

• The presentation was unfortunately not able to cover all of the materials available and fully discuss the 
work plan and progress to date. The discussion of the value of the unique PBRs was informative but not 
a part of the project. The materials presented for review seem well designed and in pursuit of strain 
improvements that are in support of overall BETO goals. Given the only recent start of the project, 
progress against project goals and end-of-project milestones are not really possible to review at this time. 

• This is a new starting project initiated in October 2020. The project aims to improve lipid yields using 
mutagenesis and breeding of Nitzschia and Nannochloropsis strains. They also incorporate 
bioprospecting for new productive strains. The team and management approach described are 
appropriate for this project. The presentation did not provide a description of progress to be achieved 
through tasks, milestones, and go/no-go decision points, providing an inadequate assessment of progress 
for the project. The presentation would have benefited from a discussion of risks and mitigation 
strategies. The approach is to improve lipid yields using mutagenesis and breeding of Nitzschia and 
Nannochloropsis strains. Mutagenesis will be generated by the use of an atmospheric room temperature 
plasma that generates mutants with high levels of insertions and deletions, presumably making them 
more stable. High-lipid mutants will be selected using flow cytometry. The impact of the project was 
described through productivity gains, which, if realized, will achieve BETO targets for 2030. Other 
impacts were described based on the development of technologies and publication efforts that will be 
ensued. As this project is just getting started, the presentation focused mostly on establishing the 
technologies and tools that will be put in place to help achieve the goals. Unfortunately, too much time 
was taken in describing some basic tools, such as the PBR system being developed by the Colorado 
School of Mines under other efforts, critically cutting the time available for proper description of more 
relevant progress and/or showing how the approach will lead to projected outcomes. The plasma 
mutagenesis presentation would benefit by showing mutant stability tests. The goal of the bioprospecting 
efforts is to find Nitzschia strains capable of mating. 

• This project aims to increase both biomass productivity and lipid content through a combination of 
bioprospecting and plasma mutagenesis. The best producers will be evaluated in custom laboratory PBRs 
and scaled to mini raceways. This is a new project that is just getting started. Initial results demonstrated 
higher lipids and reduced biomass growth; a trade-off that has been observed by other researchers. The 
project work plan includes TEA/LCA work at the end-of-project timeline for the selected strain. The 
team might consider a preliminary TEA/LCA earlier in the project to help drive the strain selection 
effort. 
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• This project recently started, and the project seems to be off to a good start. The management plan is not 
clear. How often group members communicate is unclear. Risks and mitigation strategies are also not 
adequately addressed. The plasma mutagenesis approach is intriguing and seems to have potential. 
Impacts would be significant and GAI is involved with the project, which aids commercialization efforts. 
Much of the presentation was dedicated to explaining how laboratory bioreactors were built and tested. 
Future updates should focus more on specific project tasks. Progress to date has been appropriate. 

PI RESPONSE TO REVIEWER COMMENTS 
• We think that bioprospecting is far from done, and specifically point to the case of new DOE SOT 

strains that were only recently found with new methodologies. Similar approaches are likely to lead to 
new and exciting strains of direct interest to DOE missions. Queensland University of Technology is a 
premier institution for plasma mutagenesis, which is the technique that we are focusing this project 
around. It far more cost-effective to leverage existing experience and equipment than to build from the 
ground. Each of the team’s bioreactors fulfill unique aspects of the project in terms of scale. Reactors 
can certainly be shared across the institutions if deemed necessary and cost-effective. We are absolutely 
targeting our bioprospecting sites for relevance to the GAI site and media. As advised, the team will use 
earlier TEA/LCA to drive strain selection. The research team communicates weekly, and ad hoc 
meetings are initiated as necessary to focus attention on specific areas of need. 
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INNOVATIONS IN ALGAE CULTIVATIONS 
Global Algae Innovations 

PROJECT DESCRIPTION 
GAI has developed low-cost algae production 
technologies aimed at achieving commercially viable 
production of biofuel and high-protein meal. Radical 
advances have been designed and implemented 
throughout the entire process, resulting in many 
industry breakthroughs for large-scale algae 
cultivation, harvesting, and processing. In this 
project, a series of innovations in cultivation methods and innovations in cultivation monitoring tools will be 
developed to increase the productivity, robustness, and yield of our advanced cultivation systems. 
Additionally, a chain of test systems from laboratory-scale microplates through outdoor raceways producing 
kilograms of algae biomass will be developed and tested to accelerate the indoor/outdoor cycle rate and 
improve the translation of laboratory results to mass culture. After verification, the first phase includes 
development and validation of the test systems and initial data collection for one of the monitoring tools. The 
second phase is the initial R&D on the innovations to achieve the intermediate project go/no-go goals. The 
third phase will utilize the best combination of innovations from the second phase as the base and focus on two 
or three of the innovations for optimization to achieve the final project goals and commercial implementation. 
The goals are to overcome the challenge in translating results between laboratory and mass cultures and to 
increase algal productivity by 50%, cultivation robustness by 50%, and the conversion yield by 20% while 
achieving cost and LCA targets. 

 

WBS: 1.3.5.284 

Presenter(s): David Hazlebeck 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2023 

Total DOE Funding: $5,625,000 
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Photo courtesy of Global Algae Innovations 

COMMENTS 
• Overall, this project seems to be off to a good start. The project team communicates weekly via 

telecoms. There is a concern about how stretched GAI will be coordinating with 18 partner 
organizations. Specific risks and appropriate mitigation strategies should also be identified. The 
approach involves R&D on 12 parallel advances, which will eventually be downselected to about three 
for detailed development. Criteria for selecting these approaches need to be clearly defined. The project 
has clear commercialization potential, and GAI looks to be actively working on commercializing its 
technology. The project started last summer, and the results so far are encouraging. Specific 
improvements in each of the 12 approaches should be identified during the next review. 

• The presentations showed that the team has access to cultivation equipment and many intermediate 
scales from bench scale to outdoor 6,000-liter ponds. In collaboration with NREL, this project proposes 
to develop real-time monitoring of algae cell density and health and compositional analysis by 
quantitative spectroscopic phenotyping. This part of the project is novel and would contribute 
significantly to the availability of tools for monitoring and analysis of algal cultures. This is a relatively 
new project, and adequate progress is being made for the spectroscopic work. However, there is no 
explanation of how this or any other proposed strategy will contribute to increasing algae productivity, 
except for the brief mention of 12 parallel approaches to improve productivity. Being that the end goal is 
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to increase productivity by 50%, a clear description of the approach needed to achieve this very high 
goal is warranted. Unfortunately, the project lead did not present any data or information regarding the 
proposed work, making it very difficult for reviewers to assess the approach, validity, or impact of the 
proposed project. This was a missed opportunity for the project team. 

• The small GAI team seems well poised to act quickly and communicate well. The 18 partner 
organizations mentioned are associated with other projects, are not named, and the nature of their 
collaboration is not described. The description of the technical approach used in this project is too 
general and vague to assess in any meaningful way. The team noted 30% improvements on each of 12 
parallel advances. Any one of those advances could be impactful, but little to no information was 
provided to support any of the advances. The project impact described does not contain any detail and 
does not seem to use any metrics for describing the many possible benefits. New ponds and bench-scale 
PBRs were designed and built and are reported to be working well. This seems like important progress 
and is well suited for the high-throughput experimental work. Transitioning from larger ponds to smaller 
operational units appears at first a step in the wrong direction given the company’s commercialization 
trajectory, but this will allow rapid learning and strain development with less expense without 
interruption of larger-scale cultivation. 

• This is a new project that is just getting underway this year. The goal is to accelerate and overcome the 
challenge of taking production strains from the laboratory into mass culture, by increasing productivity, 
quality, and robustness of strains. The team and management plan described are appropriate for this 
project. Progress was not described through tasks, milestones, and go/no-go decision points, providing 
an inadequate assessment of progress for the project. Further, discussion of potential risks and mitigation 
strategies would enhance the presentation of this project. The approach will incorporate 12 parallel 
advances in cultivation control and operation, strain improvements, respiration and nighttime losses, 
microbiota control, and lipid accumulation rate. From these, the top three improvements will be 
downselected for detailed development toward 6,000-L field trials. The team has amassed a number of 
technologies to help with the approach, including spectroscopic phenotyping, microplate and flask 
testing, laboratory PBRs, small raceways, and intermediate-sized ponds within their facility in Kona, 
Hawaii. The approach was described at a high level and with few details on the 12 parallel advances. The 
impact of the project is primarily targeting the reduction of the projected selling price of algal biofuel. 
The impact to the BETO mission could have been explained more thoroughly by providing the major 
goals for MFSP and biomass production. The development of the tools and technologies will be 
incorporated into the GAI technology suite for franchising and licensing. GAI is a key collaborator with 
18 other organizations performing for BETO. Progress was provided on the development of PBRs, 
raceway systems, and spectroscopy data collection. Unfortunately, it was hard to assess how these 
technologies will be used within the 12 parallel advances mentioned in the approach. The presentation 
lacked key details for proper assessment of status, progress, and outcomes. 

• This project was difficult to evaluate. Much of the presentation focused on restatements of project-
specific goals and necessary commercial targets. Very little data are presented, making it difficult to 
render opinions regarding the project and its progress toward project goals and end-of-project 
milestones. No details are provided of the algae strains being used, mass balances, TEA or LCA, or how 
12 parallel advances will be downscaled to just three. The totaled condition may be due to the recent 
startup of this project or the public nature of the proceedings and the need to protect the sensitive and 
commercial interests of GAI. The actual detailed project status monitoring then remains entirely resident 
with the DOE project team. 

• This project’s goal is to increase algal productivity, lipid content, and process robustness by testing 12 
separate approaches in parallel and then downselecting to the most impactful for further testing. The 
project will move between indoor microplates and PBRs and outdoor raceways. The project started 
recently and has successfully developed the necessary tools and deployed the new test systems in 
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readiness for the next project phase of testing. One of these tools, a novel compositional analysis 
method, provides rapid, near-real-time algal cell density and health monitoring. More background and 
detail on the 12 improvements to be evaluated was lacking and should have been shared in the review. 
The presentation of more detailed data and results at the next review is anticipated. 

PI RESPONSE TO REVIEWER COMMENTS 
• This project just started during COVID, so there are not any significant results to present other than the 

design, building, and installation of the test equipment—new ponds and bench-scale PBRs. Testing with 
these systems just started, so there are no results to be presented yet. Extensive data collection has been 
completed for development of the spectroscopic compositional analysis method, but the additional data 
collection, especially the compositional analysis of all samples, is in progress, so there again are no 
results to present this early in the project. Unfortunately, the main approach—12 novel, parallel options 
for improving productivity or lipid content—has not been tested yet. Since they are all novel approaches, 
they cannot be described in an open meeting until the efficacy is determined and an appropriate 
intellectual property strategy is in place. 
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IMPROVING THE PRODUCTIVITY AND PERFORMANCE OF LARGE-
SCALE INTEGRATED ALGAL SYSTEMS FOR WASTEWATER 
TREATMENT AND BIOFUEL PRODUCTION 
University of Illinois at Urbana-Champaign 

PROJECT DESCRIPTION 
Producing biofuels from algal biomass is currently 
one of the most promising approaches for meeting 
society’s need for sustainable energy because algae 
grows faster than other biofuel feedstocks, while 
using marginal land and water resources that compete 
less with food production. However, high biomass 
production costs remain a significant challenge that 
limits the practical use of algal biofuels. Thus, the overarching goal of this project is to develop and 
demonstrate an integrated system for algal biofuel production and wastewater treatment that can reduce biofuel 
costs below DOE’s minimum fuel selling price target ($2.50/GGE). This approach is compelling because of 
the significant coproduct value of treated wastewater and dual-use infrastructure, and because wastewater 
provides a low-cost source of major algae cultivation inputs (e.g., water, nutrients). In this project, we are 
developing novel biological and engineering approaches to enhance the biomass productivity of a 
commercially available algal wastewater treatment system, called Algaewheel, and conversion of resulting 
mixed algal biomass to biofuels via hydrothermal liquefaction. The methods being studied to improve algae 
cultivation and biofuel conversion include bioaugmentation with bacteria that provide algal growth promoters, 
stress-induced endoreduplication to increase cell size, integration of adsorbents, dynamic control models, and 
nanofiltration of HTL aqueous products for improved carbon efficiency. The integration of these techniques is 
expected to increase areal biofuel productivity up to five times higher than the DOE techno-economic baseline 
at the outset of this project (900 gal/acre-yr). These improvements will be validated in bench- and pilot-scale 
tests, followed by demonstration in full-scale Algaewheel systems currently used for municipal wastewater 
treatment. 

 

WBS: 1.3.5.286 

Presenter(s): Lance Schideman 

Project Start Date: 10/01/2019 

Planned Project End Date: 03/31/2024 

Total DOE Funding: $3,764,553 
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Photo courtesy of University of Illinois at Urbana-Champaign 

COMMENTS 
• A qualified team is assembled, and the work plan and implementation are being professionally 

discharged. Results are being developed and milestones completed to allow continued project progress. 
The technology being investigated is intriguing and likely has applications for small, remote, or difficult-
to-service locations for treatment of domestic wastewaters for the benefit of public health. The small 
scale of these types of applications would not be able to produce any meaningful volumes of 
commercially viable biomass. Comparison of the measured algae production rate is 36 g/m2/d against the 
DOE goal of 25 g/m2/d can be misleading. The project’s measurement is based on the area of the 
concrete structure that contains densely spaced paddlewheel units. A conventional raceway pond has 
only a single paddlewheel, leaving the overwhelming portion of the pond’s surface area undisturbed and 
not in contact with mixing equipment. The type of system used by the project at a commercial scale 
would require the paddle wheel area as a single primary unit operation for the wastewater treatment plant 
to be approximately 3,470 acres (when compared to a 5,000-acre raceway pond nth commercial facility). 
The cost and footprint of this type of system appears entirely impractical and unrealistic. The assumption 
of a benefitting co-location of an algae production facility as part of a wastewater treatment plant also 
becomes impractical, negating the envisioned availability of very low costs for ponds, CO2, nutrients, 
and production costs for inputs for the TEA. 

• Overall, this project seems to be off to a good start. The project management plan is clear. The project 
team meets monthly, which seems too infrequent; bimonthly meetings are recommended moving 
forward. Risks and mitigation strategies are not adequately addressed. The Algaewheel technology 
seems interesting, and the overall approach seems sound. OneWater, Inc. markets the Algaewheel 
system to the wastewater treatment industry, so the technology has commercial potential. Progress has 
been made in endoreduplication, pilot system startup, and biofilm development. A Gantt chart showing 
the process on specific tasks and milestones would have been helpful. 

• The project will integrate advanced algal wastewater treatment systems to maximize biofuel production. 
Wastewater treatment potentially provides biomass at net-zero cost in production. The team and 
management plan described are appropriate for this project. Progress was described through tasks, 
milestones, and go/no-go decision points, providing an adequate assessment of progress for the project. 
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The presentation would have benefited from a discussion of risks and mitigation strategies. Although the 
approach for this project focuses mainly on the improvement of strains for wastewater treatment within 
an Algaewheel system, the team hopes to demonstrate taking the wastewater-produced biomass to 
biofuels through an HTL processing capability. The team’s approach to enhancing biomass productivity 
through the inclusion of bacterial symbiotes that produce key nutrients and hormones has been shown to 
increase biomass productivity. The team will demo the technology in full-scale Algaewheel installations 
at two sites. The site discussion would benefit from better delineation of the size of the installations, type 
of wastewaters being treated, and effectiveness of the Algaewheel systems to produce dischargeable 
waters. The main impacts of the project were described based on the reduction in costs associated with 
wastewater treatment and utilization in algae biomass and biofuel production. The use of wastewater 
treatment would reduce the cost of biomass production to levels that would allow meeting DOE targets. 
The team also envisions publications in the peer-reviewed literature and commercialization through their 
current partner. The team has demonstrated endoreduplication of C. vulgaris under salt stress, increasing 
biomass productivity 50%–90%. They are currently meeting the Budget Period 2 milestone, 
demonstrating targeted productivities of 20 g/m2/day, along with seasonal adjustments to 16–18 
g/m2/day. Further, 85%–90% wastewater organics and ammonia removal meet discharge limits. The 
project is progressing well toward goals. Demonstration of the salt stress induction within a wastewater 
process seems to be a key step to success that needs to be demonstrated. 

• The team seems to have the right makeup of research and commercialization partners to see the project 
through to market potential. The team seems well equipped to manage the project over the long 
demonstration periods. The project approach seems well aligned with the current SOT and takes algae 
biomass all the way through HTL and hydrotreating processes. The integration of a novel but well-tested 
unit operation to replace the use of catalytic hydrothermal gasification seems like a very practical way of 
overcoming what has been a large technical challenge. The team has also done extensive work with 
recycling its aqueous stream. This work is challenging and often overlooked. Approaching this challenge 
directly instead of with modeling or assumptions is critical, and this team has risen to this challenge well. 
Looking for symbiotic organisms producing vitamins and cofactors and actively colonizing biofilms are 
also challenging tasks but represent practical ways to meaningfully advance the state of the art. The 
cultivation system optimization approaches are all very straightforward and seem promising. The 
approach of pairing wastewater treatment with biofuel development seems to be among the best 
currently under review in the portfolio and could serve as a model for future approaches to sustainable 
algae biofuel and bioproduct development. It is not clear how the polyploidy work relates to the rest of 
the project, but it seems to be yielding positive growth results, so this may be tangential but not 
irrelevant. The volume of water treated by this system is relatively small and this system would not scale 
well for large water utilities. This is, however, an impactful example of distributed wastewater treatment 
and dilute nutrient recovery. It may not be readily applicable to traditional urban wastewater operations 
but could be a very useful tool for many remote sites or agricultural point sources of nutrient runoff. 
Isolating eutrophication to contained reactor systems can help decouple modern agricultural practices 
from the environmental degradation they are often responsible for. The project team seems to have met 
all goals so far in the pilot system. The pilot project goals for organic and ammonia removal seem 
substantial and were both met. Final goals are substantial improvements from current operations, but the 
team seems to be making appropriate progress and should be on track to deliver despite a seeming lack 
of risk mitigation. 

• This project aims to improve integrated performance of a wastewater-fed algae system with a mixed 
culture grown on the Algaewheel technology. The project is in the early stages of a 5-year project. The 
algal biomass generated is currently low-quality, and the reported biomass growth rates include the 
activated sludge biomass. The system design for successful wastewater treatment with good attachment 
to the wheel surface may have differing requirements versus algae harvest to support economic recovery 
in an integrated system. While seemingly a bigger technological leap to commercialize for algal biofuels, 
it will be of interest to watch this project and continue to learn and develop applied knowledge toward 
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integrating algae with wastewater treatment. The nanofiltration unit operation was not addressed, and the 
integration with HTL and nutrient recycling will be an important challenge as the project progresses. 

• Using wastewater to grow algae is an important avenue of research, and the project team appears 
committed to creating a commercially viable solution for wastewater treatment that can hopefully be 
coupled to production of biofuels. The project is fairly early and initial progress is acceptable. In regard 
to approach, it’s not clear how the strain improvement experiments proposed at lab flask scale using 
Chlorella are relevant to improvements in the biomass consortia being grown in the Algaewheel system. 
Additionally, it would be helpful to better understand how this specific system would need to be adapted 
for biofuel production in order to be successful. It appears that it takes a long time to establish these 
biomass mats—at least 4 weeks to see colonization of a thin layer of algae. It’s not clear how often the 
biomass mats would require reseeding, or what the impact of a single system fail (akin to a pond crash) 
would have on the annual average productivity of the system if restart times are so long. The specific 
risks that would cause the system to need to be restarted (e.g., pests, temperature, etc. for open ponds) 
are not clear. It’s also unclear if harvesting the algae for use versus disposal will negatively affect the 
dynamics of the biomass mats themselves. How often the biomass (sludge) can be harvested and how 
that will affect downstream processes is not clear either. It’s unclear how the project proposes to regulate 
biomass quality in this system to meet specs of downstream products. It appears that there would be 
extra costs associated with harvesting/handling of the biomass pre-conversion that are specific to this 
system; thus, it’s unlikely that biofuels would be produced at conversion costs only. The interim 
TEAs/LCAs should carefully consider all extra personnel and harvesting/handling requirements that 
would be needed to adapt this system for biofuel production. 

PI RESPONSE TO REVIEWER COMMENTS 
• Thanks to all the reviewers for your encouragement and constructive criticism on this project. The 

paragraphs below provide a response to selected issues raised by the reviewers, with more of a focus on 
potential weaknesses, areas where some additional clarification was needed, and potential changes to the 
project approach. First, the issue is numbered and summarized, and then our response is provided. The 
sequence of issues generally follows the order of comments provided in the BETO Project Peer Review 
system, but some similar and related issues are grouped together at their first occurrence.  

1. Various questions related to the applicability and scalability of lab-scale polyploidy research to the 
Algaewheel wastewater treatment system. We agree that there is a significant amount of work to 
translate algal polyploidy research into practical applications with integrated systems for algal 
wastewater treatment and biofuel production. Even so, the stresses used to induce polyploidy in this 
study (salt, ultraviolet-B radiation, desiccation) were selected with consideration of their potential to be 
incorporated with a fixed-film algal wastewater treatment system also used for cultivation of biofuel 
feedstocks. For instance, with salt stress, the idea would be to drain one of the algae cultivation tanks and 
temporarily fill it with salt solution, then drain the salt solution and refill it with wastewater. The same 
salt solution would be cycled through each of the cultivation tanks gradually over time. Desiccation 
could be accomplished by a similar approach, except the cultivation tanks could be left empty for a 
period of time to cause partial drying of the algal biofilms before refilling. Ultraviolet-B lights could be 
attached to a traveling bridge crane and passed over the top of the algae cultivation tanks. All of these 
approaches require that the polyploidy-inducing stress can have its effect with intermittent and relatively 
short-term exposure, otherwise it will interfere with the wastewater treatment function. Most wastewater 
plants go through diurnal fluctuations in flow, and there are certain periods, such as nighttime, when the 
influent flow is low and wastewater tanks could be temporarily taken out of service for stress treatments 
without negatively affecting the average system capacity. Another level of translation is related to 
differences between the algae species used for bench-scale polyploidy research and the mixture of 
species in an algal wastewater system. The research will include some genera that are commonly found 
in algal wastewater treatment systems (e.g., Chlorella). We will look for advantageous polyploidy 
effects that occur with a variety of algae species to identify those that are most generally effective. 
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Finally, we can test polyploidy stress treatments with samples of the mixed algal culture harvested from 
the Algaewheel pilot system to assess the potential of these approaches to increase biomass productivity 
in the real system.  

2. Various questions and comments related to cost-effective scalability of Algaewheel to large 
wastewater applications and to make meaningful quantities of algal biomass. The Algaewheel system is 
currently used in small wastewater plants, where it is competitive with other applicable technologies on a 
capital cost basis, and it generally has lower operating costs due to lower aeration requirements. 
Algaewheel would be too expensive if only used for algae biomass cultivation for biofuels, but the 
additional coproduct value for wastewater treatment makes it cost-effective. Algaewheel as currently 
designed does require more land than most other wastewater processes that use deeper tanks, and this is 
an important consideration that would currently limit the use of Algaewheel in many large wastewater 
plants. However, there are Algaewheel designs for upcoming projects with larger-diameter wheels that 
reduce land requirements and would make the system more cost-competitive for larger wastewater 
plants. Also note that the current Algaewheel wastewater plants do not use their biomass for biofuels. 
Thus, future applications that can garner additional revenue from biofuels will also help to grow the 
number and size of wastewater plants that can implement Algaewheel cost-effectively. We do not 
currently know the limits of wastewater plant size where Algaewheel can be cost-effective, but we will 
evaluate this parameter as a part of the TEA work for this project, as well as the resulting amount of 
algal biomass/biofuels that can be grown. The largest wastewater plants in the United States occupy 
hundreds of acres each and could support a significant amount of algae biomass cultivation. Also note 
that an algal wastewater treatment system like Algaewheel can serve as the first step in a larger algae 
growing operation. Since HTL conversion of biomass to biofuels can be configured to recapture most of 
the nutrients from the processed algae, those nutrients can be used again for growing additional rounds 
of algal biomass. In this case, biomass grown in the first-stage algae wastewater system will generally 
have very low costs due to the dual-use infrastructure paid for by wastewater treatment operations. 
Subsequent rounds of algae growth can then benefit from “free” recycled and sterilized nutrients derived 
from wastewater, but they will not receive the additional revenue associated with wastewater treatment. 
Thus, a lower-cost cultivation system, such as a raceway pond, will be needed for multicycle algae 
cultivation after an algal wastewater system.  

3. Various questions related to the cost and practicality of frequent biomass harvesting and preprocessing 
of Algaewheel biomass for biofuels production. The time of several weeks to initiate growth of biomass 
in an Algaewheel system is well within the normal time to start up wastewater treatment systems and 
would not be a practical limitation. Once colonized, these systems continue to produce biomass 
continuously through routine sloughing of biofilms that happens naturally and has proven to be reliable 
over multiple years of operations without any need for restarting or reseeding. In current Algaewheel 
systems, the quality of biomass is variable and relatively high in ash content, and this is something we 
are working to improve in this project. Fortunately, the HTL conversion process we have selected is 
quite robust and can be used to produce bio-crude oil from a wide variety of biomass sources and 
quality. We agree that TEAs/LCAs should carefully consider all extra personnel and harvesting/handling 
requirements that would be needed to adapt this system for biofuel production. We would point out most 
wastewater plants dewater biosolids in their sludges to above 20% solids content for final disposal in 
land application of landfill, which is consistent with feedstock requirements needed for HTL conversion 
to biofuels.  

4. Various comments and questions related to project risk management. Risk management was not 
included in the peer review presentation materials, which was sacrificed in favor of other information 
deemed to be more essential while still complying with the time constraints for presentation. The 
bulleted items below outline our current risk mitigation plan for the project, which will be updated in 
accordance with the peer review comments and include any previously unforeseen risks that are now 
recognized based on the early experience of the project.  
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A. Risk: Cost and longevity of the Algaewheel system and adsorbents.  

Risk Probability: Low. 

Risk Impact: Medium.  

Risk Mitigation Strategies: Pilot-scale operation showed Algaewheel system is durable over 3 
years. Associate maintenance/replacing cost has been considered in economic analysis. Past study 
showed adsorbent can last more than a year. Regenerating adsorbent instead of replacing adsorbent 
to save cost. 

B. Risk: HTL aqueous recycling cause toxicity to algae.  

Risk Probability: Low.  

Risk Impact: Medium. 

Risk Mitigation Strategies: The amount of post hydrothermal wastewater recycled would be 
significantly diluted by the influent. Provide adsorbents in the algae cultivation process to 
sequester problem contaminants. Activated carbon pretreatment if needed.  

C. Risk: Bioaugmentation might compete with algae growth.  

Risk Probability: Low.  

Risk Impact: Medium. 

Risk Mitigation Strategies: Augmented bacteria will first be screened by the bench-scale test to 
confirm the symbiotic relationship.  

D. Risk: Bioaugmentation at pilot scale might have different impacts at bench scale because of 
influent variability.  

Risk Probability: Medium.  

Risk Impact: Low.  

Risk Mitigation Strategies: Adjust bioaugmentation dosing frequency.  

E. Risk: Pilot system results cannot translate to full-scale system implementation.  

Risk Probability: Medium.  

Risk Impact: Medium.  

Risk Mitigation Strategies: Implement technologies in sequence to evaluate the effect of individual 
technology.  

F. Risk: Availability of key personnel.  

Risk Probability: Low.  

Risk Impact: Medium.  

Risk Mitigation Strategies: Previous discussions with team has worked together and has needed 
availability for this project. Routine communication about staff needs. Identify alternate staff to 
provide needed expertise.  

G. Risk: Inability to obtain approval for field testing.  
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Risk Probability: Low.  

Risk Impact: Medium. 

Risk Mitigation Strategies: Maintain communication with sanitary sewer utility collaborators. 
Scheduled late in project to allow time for planning and approval. Perform a similar test under 
laboratory or pilot conditions. 
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DECISION-MODEL-SUPPORTED ALGAL CULTIVATION PROCESS 
ENHANCEMENT 
Arizona State University 

PROJECT DESCRIPTION 
Current decision support models (TEA, LCA, and 
growth/productivity) for large-scale algae cultivation 
systems lack critically important quantitative, culture-
failure risk data. At very large scales, semicontinuous 
versus full-batch cultivation strategies present very 
different risk profiles with respect to the 
consequences of culture failures from pathogens, 
grazers, and competitors. These uncertainties constitute a critical knowledge gap that must be closed to guide 
major investments in commercial algal biofuel systems and enable systems for crop insurance. We will 
quantify the economic and technical risks associated with different cultivation strategies through an integrated 
program of indoor lab studies, cultivation simulation and optimization, and multi-scale “omics,” including 
robust outdoor cultivation campaigns informed by more than 6 years of outdoor cultivation data generated at 
AzCATI. Through the development and deployment of a suite of novel real-time sensors for nutrient and water 
quality monitoring, we will gain better process control though novel insights, plus the ability to optimize 
productivity, robustness, and biomass quality of our selected high-performance strains. System optimization 
will include concurrent economic and life cycle modeling coupled with production process variability 
modeling. This work will directly integrate with experimental systems to understand the impact of the 
advancements and provide data feedback for focused investigations. 

 

WBS: 1.3.5.287 

Presenter(s): John McGowen 

Project Start Date: 10/01/2019 

Planned Project End Date: 12/31/2022 

Total DOE Funding: $4,375,000 



2021 PROJECT PEER REVIEW 

 

197 ADVANCED ALGAL SYSTEMS 

 

Photo courtesy of Arizona State University 

COMMENTS 
• The project aims to generate empirically derived culture-failure risk data for TEA/LCA modeling and 

quantitation of risks associated with culture failure. The team and management plan described are 
appropriate for this project. Progress was described through tasks, milestones, and go/no-go decision 
points, providing an adequate assessment of progress for the project. The presentation would have 
benefited from a discussion of risks and mitigation strategies. The approach described to achieve the 
aims of this project is deemed quite reasonable and likely to achieve stated goals. The approach 
incorporates assessment of failure risks in cultures and quantifying impacts, optimization of cultivation 
performance, development of real-time monitoring technologies, and sustainability assessment. The 
impacts of the project were projected based on the technologies and modeling capabilities being 
developed, with the hope that an integrated and realistic assessment of risks will help future cultivars 
achieve the BETO productivity and economic cost targets. This effort will be critically affected by the 
generation of multi-scale and multi-parametric data that will challenge modeling efforts, a risk that could 
limit the impact of the project. Progress in this early effort was described in the development of a 
dynamic growth model that incorporates the inoculum seed train. Other efforts were described as 
progress to be achieved by task, some of which are well underway. The integration and demonstration of 
the MiProbe system to monitor water/culture quality and nutrients on a real-time basis constitutes a very 
innovative technological development for this project. A number of key milestones in data integration 
and automation have been achieved. The assessment of this data will be critical in showing how it can 
feed into modeling efforts and provide predictable outcomes. If these efforts can be appropriately tied 
together, they can have excellent ramifications in cultivar management. 

• It appears that the project may be diverging away from its original project goal and end-of-project 
milestone. The summaries of progress that are presented seem to reflect the use of some different 
methods and techniques to achieve results. If so, these types of benefitting adjustments are suitable when 
they are made in efforts to improve the project and better reflect BETO’s goals. It is important that the 
concept of crop insurance begins to be explored and addressed. The basic steps of assembling monitoring 
and decision data, the methods of its collection, and the application of predictive and probabilistic 
techniques is a good place to start. No doubt there will be many opportunities in the future to refine and 
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adjust these original efforts as better technologies and more and better data become available, hopefully 
to a point where insurance professionals can begin to be involved. The materials presented seem well 
thought out and well planned. Given the recent project start, it is not really possible to gauge progress, 
but the trajectory looks promising. 

• Overall, this project seems to be going well. The management plan is not clear. How often group 
members communicate is unclear. Risks and mitigation strategies are also not adequately addressed. The 
technical approach involving studying culture failure risks, lab to field to lab cultivation performance, 
process modeling, and sustainability assessments has merit and has the potential to advance the state of 
the art. Impacts are clear and outcomes should aid commercialization. Progress is being made in all four 
project tasks and the project seems to be on schedule. 

• The management team seems well aware of the risks presented in the project plan and is actually driving 
research to quantify and mitigate some of the most substantial risks to large-scale cultivation. The work 
seems to be motivated by sound project management of an integrated system and the team appears well 
positioned to understand this system and disseminate results to the broader ecosystem. Crop failure and 
contamination still pose a large risk for scale-up and adoption of algal technology. This project 
approaches this challenge in a very practical way, trying to overcome the problem without developing 
new unit operations or strains, by integrating existing technology in a new process paradigm. This 
approach seems smart and readily translatable to the field without new inventions. Transitioning 
operations for batch to a semicontinuous mode would achieve many engineering and downstream 
efficiencies that could dramatically enhance algae cultivation at large scales. Developing robust 
heuristics for culture crashes and contamination requires large data sets. If or when work done by Sandia 
National Laboratories’ team on crash ponds is integrated with this outdoor data set, it should improve the 
quality of predictions and make for more versatile system models. TEA outputs will be a critical measure 
of any contamination control strategy. Use of the NREL TEA or compatibility with it allows for the most 
direct comparisons of innovations made in this project to the SOT. The project addresses one of the 
least-well-understood risks to algae biofuel development in a way that can be a foundation for iterative 
improvement. Direct comparisons of different cultivation strategies are rare, and TEA outputs are most 
useful for comparing different strategies as opposed to determining real-world value of investments in 
algae cultivation. These new inputs will strengthen the TEA as a comparative tool and help highlight 
other work like this that can be done to reduce risk without creating new inventions. The impact of this 
work is not a step change advance but a very critical incremental step in the right direction for this 
industry. The introduction of another crop protection tool is always useful and welcome, but this work 
does seem tangential to the principal focus of the project. Novel sensor and inline analysis tools will 
need to become significantly cheaper and more robust before they will be practical components of 
continuously operated systems. This project makes steps toward that integration, but this work is far 
from complete. Open-source predictive software has the potential to be a valuable component of any 
large process plan, and this work takes preliminary steps to creating a robust and translatable platform. 
Adoption of this technology seems far from certain, and impact will be limited by consumer use. The 
project seems on track to meet deliverables. 

• This project has multiple components that are working together to advance BETO’s MYPP goals. The 
focus on modeling culture crashes with empirical data and assessing the risk of failure and its impact on 
TEA/LCA is critically important but often overlooked. These results will fill a current gap in the 
knowledge base that will support decisions for successful algae operations at scale. Additionally, the 
team is developing a continuous monitoring system based on novel sensors that will support real-time 
process decisions. The work and research being done around the use of biocides, pesticides, fungicides, 
and general pest management will be highly useful and applicable program wide. The project has made 
appropriate progress toward its end-of-project goals. 
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• This project is developing advanced cultivation methods to improve cultivation throughput, including 
evaluating seed strategies, pond crash modeling, integrated pest management, and development of novel 
sensor platforms. The project just started and is in its first year. The new sensor platforms have real 
potential to be impactful in managing algae farms as long as they can be proven to work reliably, and the 
costs and maintenance requirements do not preclude their use in a commercial setting. 

PI RESPONSE TO REVIEWER COMMENTS 
• Thank you for your comments. Our overall project task structure, milestones, and end-of-project goal 

remain as agreed upon with BETO. We are continuing to explore the regulatory space for use of different 
agents for crop protection, and a slide discussing this task is in the supplemental slides. Our project team 
has participated in two public panels—one on crop insurance as part of the Algae Biomass Summit in 
fall 2020, and a BETO-sponsored workshop on crop protection in spring 2021. Our project team plans to 
engage appropriate stakeholders and share our data on risk and cultivation failure modeling broadly, and 
we believe it will be a key, foundational data framework for algae crop insurance. Slide 6 of the 
presentation outlined the team roles and responsibilities and our communication plan, including 
biweekly task meetings, monthly PI meetings, and quarterly team meetings and reporting to DOE. The 
PI reviews risks with the team monthly and as part of the quarterly reporting, and mitigation actions are 
assessed and implemented as needed and draws on our team’s near-decade-long experience with 
managing large collaborative teams on BETO-sponsored research. We have over a decade of operating 
sensors in the field and assessing the current state of the art—not only in terms of data generated, but 
also, as importantly, the cost and reliability of the platforms. The ability to deploy reliable and cost-
effective sensor technology is a key metric for our project and a main driver for the choice of sensor 
platforms being developed. This project has multiple components that are working together to advance 
BETO’s MYPP goals. The focus on modeling culture crashes with empirical data and assessing the risk 
of failure and its impact on TEA/LCA is critically important but often overlooked. These results will fill 
a current gap in the knowledge base that will support decisions for successful algae operations at scale. 
Additionally, the team is developing a continuous monitoring system based on novel sensors that will 
support real-time process decisions. The work and research being done around the use of biocides, 
pesticides, fungicides, and general pest management will be highly useful and applicable program wide. 
The project has made appropriate progress toward its end-of-project goals.  

• Relative to the comment about integration with other projects within BETO, in particular the Sandia 
crash pond work and NREL TEA modeling, our project partners for this project—in particular AzCATI 
and Los Alamos National Laboratory—are also partners with both Sandia and NREL on DISCOVR, and 
thus are intimately aware and engaged with the broader BETO portfolio, in many cases directly, as we 
are project partners. We are using the NREL Farm Model as a key baseline reference for our own 
modeling work. Our sensor deployment for the MiProbe, currently on a dozen ponds and expanding to 
24 ponds, including into our seed train in 2021, allows for the opportunity to look at many more cultivars 
and cultivation runs than are specific to this project, allowing for significant acceleration of research 
findings and development of the platform. While we’ll have fewer physical deployments of the QBI 
sensor system, this will also leverage other cultivation trials ongoing at AzCATI, allowing for 
observation 24/7, 365 day per year, again accelerating the needed R&D on both sensor platforms. 
Arizona State University/AzCATI believe in open collaboration across our project portfolio, and we are 
sharing data, samples, pest models, etc. very broadly within the BETO stakeholder community, and 
specifically with our DISCOVR partners. 
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MARINE ALGAE INDUSTRIALIZATION CONSORTIUM (MAGIC): 
COMBINING BIOFUELS AND HIGH-VALUE BIOPRODUCTS TO MEET 
THE RENEWABLE FUEL STANDARD 
Duke University 

PROJECT DESCRIPTION 
Algae-based biofuels have been shown to be 
technically feasible, but widespread adoption is 
currently hindered by prohibitively high costs. Here 
we report progress on demonstrating, using a 
multiproduct commercialization path, an algal biofuel 
at a commercially relevant scale with a positive 
energy return that achieves the Renewable Fuel 
Standard with improved economics. Our approach is founded on our achievements to date in algal biofuel and 
coproduct development and is aimed at increasing overall algae product value (and thereby decreasing the net 
cost of algae biofuel). This work is primarily driven by product specifications in three markets, including (1) 
drop-in fuels—the foundational product, (2) an aquafeed (fish) feed ingredient equivalent to fishmeal in 
protein content and biochemically superior to soy and other protein meals, and (3) a poultry feed ingredient 
that is superior to commonly used soymeal in protein content and contains other important micronutrients. 
Here we show successful production of biofuel and utilization of biomass residuals (lipid-extracted algae) as 
an ingredient for multiple feeds. Algae coproduct valuations are based on direct replacements (e.g., lipid-
extracted algae for fishmeal at $1,500/tonne), enhanced performance (e.g., improved animal health), or 
enhanced end product value (e.g., omega-3-containing poultry or vegan feed animals). These valuations 
improve the overall value of algae biomass and help lower the cost of algae-based biofuel. 

 

WBS: 1.3.5.310 

Presenter(s): Zachary Johnson 

Project Start Date: 10/01/2015 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $6,552,939 
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Photo courtesy of Duke University 

COMMENTS 
• The project management plan is vague. No specific information appears to be provided for how often the 

team members communicate. The risks and mitigation strategies of the project are not clearly identified. 
The approach seems to focus mainly on total algae produced by mass instead of focusing on algae 
productivity. The project produced an impressive number of publications (35), but it is not clear how 
much of an impact this work will have on industrial efforts. The project team claims to provide a clear 
pathway to economically competitive, sustainable biofuels at scale, but this pathway is not clear. 
Progress was made in several areas in this work, and coproducts were tested on boiler feed chicken and 
salmon. 

• This is a large consortium project dedicated to demonstrating and validating high-value coproducts, 
mainly through animal feed studies. The main impact of such projects to BETO are in the assessment of 
possible coproducts that when produced with biofuels will increase the value of the biomass produced 
and hopefully decrease the cost of biofuel intermediates, making the whole process more viable 
financially and helping meet the MYPP goals. The team and management plan described are appropriate 
for this project. Progress was described through tasks, milestones, and go/no-go decision points, 
providing an adequate assessment of progress for the project. Discussion of potential risks and mitigation 
strategies would enhance the presentation of this project. As this is a large consortium project, the 
approach is holistic, incorporating strain development toward mass culture, recovery and conversion by 
two pathways, product demonstrations, and TEA/LCA. The approaches described are deemed viable 
with no inherent weaknesses. Progress was described against tasks and milestones, showing that the 
project is on track and has been delivering on the major efforts envisioned. The poultry and salmon feed 
trials performed by this team are quite relevant to the overall program success. The team is progressing 
very well on their assessments of the impacts of whole and lipid-extracted algae to animal and 
aquaculture feed. Some issues were encountered with their membrane extraction system, which are now 
being appropriately addressed with solvent extraction systems. The effort has been very prolific, 
resulting in over 35 publications in the peer literature. 

• This large consortium project is nearing completion of a multiyear effort. The main focus of this project 
was to identify and develop high-value coproducts from the residuals after algal oil extraction to drive 
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down the overall cost of biofuel production. The algal oil extraction methods were understood to be 
limited by equipment specifications not matching changing requirements (e.g., changing from freshwater 
to saline algal species or operating the membrane system without solvent). It is difficult to draw any 
conclusions as to the commercial viability of these operations as a result, and it was acknowledged that 
this extraction step could be optimized more on future projects. The project has had multiple successes in 
generating fuel products and demonstrating benefits of algal products as chicken and fish feed. The final 
TEA/LCA report will be of high value in understanding the impacts of these results. 

• This long-running, high-cost consortium effort appears highly commercially viable because of the 
participation of Shell. Learning that Shell appears to have a very passive role in the management of this 
project and has not communicated clear specification criteria for adoption of algae fuels underscores the 
tremendous risk that this work will not be integrated into any commercial development despite hard 
work and progress. The approach of valorizing all algal biomass components and doing in-depth 
research on the production of each of these streams seems like a very good approach. The plans to 
integrate components of this project seem unclear. The use of clear benchmarking and ranking based on 
a small set of quantifiable metrics was a sound approach to strain development. The impact of the feed 
studies done by this team is especially meritorious and impactful. This work sets the stage for scalable 
commercial development of algae as a feed source. Given the long duration of this project, it is 
disappointing that the commercial partner in this project seems to have little to no interest in 
commercializing processed algae fuels or using the information learned in these years in any way. 
Descriptions of budget shortfalls resulting in unmet deliverables may indicate missed risks and risk 
mitigation strategies early in the effort. It appears that most of the novel or untested downstream 
processing components did not function quite as planned and mitigation has not been instituted. It is not 
clear how the fully integrated system was demonstrated. 

• This longstanding project continues to be well managed and has transitioned both staff and team 
members during the years. The efforts have been adjusted and realigned as best as possible with BETO 
MYPP goals as they have evolved and been refined. A risk roster was not presented, but some examples 
of risks that were managed during the course of the project were discussed. The work efforts were 
consistent with the abstract, project goals, and end-of-project milestone. The delay in large-scale 
extractions and some of the lower-than-desired extraction rates from other scales and processes likely 
contribute to an implied project outcome that further emphasizes the need for revenue from products 
other than fuels. Important gaps remain—particularly larger-scale water reuse and the use of currently 
best available strains. 

• This project seeks to reduce the cost of algal biofuels through coproduct value. The focus of the work 
appears to be heavily skewed toward the algae for feed component of the project, but the results of feed 
trials are very promising. Small-scale fuel product from oil hydroprocessing was generated as a proof of 
concept, but large-scale extraction and conversion testing are needed to show feasibility of the integrated 
model. It would have been helpful to see a timeline for milestones for this complex project, as it was 
difficult to understand from the presentation what tasks were completed before the previous peer review 
versus what new data have been generated during the current review cycle. A remarkable number of 
publications have come out of the work. 

PI RESPONSE TO REVIEWER COMMENTS 
• It is true that the extraction components did not function as planned: (1) Valicor/Trucent was able to 

conduct hexane extraction on one batch before leaving the project, and (2) the Texas oil extraction 
method was altered due to budget reductions during initial contract negotiations and the altered system 
did not yield sufficient extraction. However, this risk has been mitigated by establishing a new partner 
with MATRIC, who is very eager to get started conducting oil extraction. To date, the integrated system 
has been demonstrated for one strain: Desmodesmus sp. C046. This strain was grown at Duke (slide 8) 
and extracted by Trucent (slide 11), the biocrude was hydrotreated by Emerging Fuels Technologies into 
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diesel blendstocks (slide 12), the LEA was used for feed trials in boilers (Cornell, slide 14) and salmon 
(Nord, slide 16), and the results of the feed trials were used as the basis of a TEA/LCA (slide 19). This is 
a complete demonstration of system integration. Additional demonstration of the fully integrated system 
for other strains is underway. Large-scale projects with integration across multiple partners have inherent 
risk. We have worked with Consortium members and DOE to adjust course, within time/budgetary 
constraints, to maximize outcomes. Our group has demonstrated a fully integrated system for one strain. 
We agree that there are other areas outside of the scope of this project that should be pursued. As the 
reviewers point out, these areas include further scale trials, water reuse, and the use of currently best 
available strains. We agree that larger-scale demonstration of oil extraction/testing would be desirable, 
but this was beyond the scope of our size of project.  

Comment 4: Thank you.  

Comment 5: Thank you. The management plan was presented on slide 3; however, we acknowledge that 
there have been changes over the lifetime of the project. This was primary due to changing consortium 
membership and the passing of the co-PI. The entire team communicates on a monthly basis with more 
frequent meetings among subgroups. Additionally, project management software and databases allow for 
asynchronous interactions among members, and of course, we have other discussions via email and 
telephone. As shown on slide 19, coproduct valuations over $1,500/t enable biocrude selling prices less 
the $5/GGE, which was the target of this funding opportunity and approaches economically competitive 
operation. 
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ALGAE CULTIVATION FROM FLUE GAS WITH HIGH CO2 UTILIZATION 
EFFICIENCY 
Global Algae Innovations 

PROJECT DESCRIPTION 
The objective of this project is to obtain high CO2 
utilization in algae cultivation by increasing the 
capture efficiency from flue gas and increasing 
overall utilization efficiency and productivity in the 
cultivation system, as well as to build on GAI’s many 
advances and breakthroughs in prior DOE projects to 
integrate and test all of the components for the full 
process from flue gas through biofuel intermediate product. The project includes two budget periods, a 
technology development phase, and then a 1-year integrated test. The technology development phase is 
complete. The goals for the technology development were exceeded with 98% capture efficiency in a single-
pass absorber on simulated coal flue gas. In cultivation on this flue gas CO2, over 100% carbon utilization 
efficiency was attained. In processing, the energy use for drying and extraction was reduced to 0.36 MJ/kg, and 
a much cleaner oil was extracted than can be obtained with conventional solvent extraction. Because greater 
than 100% carbon efficiency was observed with the improved cultivation conditions, some CO2 was being 
absorbed directly from the atmosphere. Therefore, the cultivation system was further adjusted, and supply of 
all CO2 from direct air capture into the raceways was achieved at a cost of $8/ton of CO2. These technologies 
will be integrated in a 1-year test to measure the key performance parameters and robustness of the integrated 
process. 

 

WBS: 1.3.5.610 

Presenter(s): David Hazlebeck 

Project Start Date: 10/01/2018 

Planned Project End Date: 12/31/2021 

Total DOE Funding: $3,125,000 
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Photo courtesy of Global Algae Innovations 

COMMENTS 
• Overall, this project has been successful. Almost all of the project milestones have been achieved and 

their impact will likely be significant. The data management for this project seems good. GAI meets with 
the project team weekly and has ongoing projects with 18 other organizations. There is mention of a 
formal risk management table, but no details were discussed in the presentation. The approach has the 
potential to advance the state of the art and is well laid out in the block flow diagram. Impact of the 
project seems significant. Cost reductions for flue gas capture and direct air capture are significant and 
should aid commercialization efforts. Overall, this project seems to have completed all of the project 
goals except one, which is impressive. The presentation focused mainly on the big picture, whereas more 
time should have been devoted to presenting data related to the project. 

• The goal of the project is to obtain high CO2 utilization in algae through increased capture efficiency 
from flue gas and increased utilization efficiency and productivity in the cultivation system. The team 
and management plan described are appropriate for this project. Progress was not described through 
tasks, milestones, and go/no go decision points, providing an inadequate assessment of progress for the 
project. Further, discussion of potential risks and mitigation strategies would enhance the presentation of 
this project. The approach incorporates carbon capture and utilization and processing but moved to direct 
air capture from its initial efforts with flue gas, presumably due to the efficiency of the air capture 
system developed under the project. The technology incorporates direct air CO2 capture into a carbonate-
laden aqueous solution, where it becomes available to algae in the form of bicarbonate. The use of algae 
species able to grow efficiently in the high-alkalinity solutions is a key component of the technology. 
The goal is to show large-scale demonstration of the technology and cultivation within this final year of 
funding. The approach was described at a high level and with few details. The impact of increased 
carbon capture and utilization efficiencies is materialized through projected cost of CO2 delivery at 
$8/ton, associated with the direct air capture system developed under this project. This represents over a 
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20-fold decrease in the cost of supplying CO2, which is huge. Carbon capture efficiency and utilization 
gains claimed provide a large impact for the project, and the technology is viewed quite favorably. 
Unfortunately, it was hard to assess how these excellent results were met due to the lack of details. 

• The goal of this project was to increase flue gas capture efficiency and cultivation carbon dioxide 
utilization efficiency. The process decouples the flue gas from the cultivation operations by using a 
carbon dioxide absorber coupled to media ponds. The project has shifted to a direct air capture approach 
based on managing the pond chemistry, which works for certain algal strains. The project is operating at 
an 8-acre scale and entering a final phase of an integrated 1-year operation. While it is understood that 
aspects of the technology are considered proprietary, insufficient process data or supporting project 
details were shared to support an evaluation of the project approach, impact, or progress and outcomes of 
this investment toward furthering the commercialization of algal production. 

• The small GAI team seems well poised to act quickly and communicate well. The 18 partner 
organizations mentioned are associated with other projects, are not named, and the nature of their 
collaboration is not described. The description of the technical approach used in this project is too 
general and vague to assess in any meaningful way. The team describes outstanding advances in carbon 
capture and utilization efficiency, as well as improvements in drying and oil quality; however, little to no 
data or details were provided to support these advances. Consequently, the lack of detail makes it very 
difficult to assess the true impact of this technology relative to the industry or BETO goals. The team 
plans to receive eight or more patents for work done in this project, but none of those inventions are 
described. All milestones are reported to be met or exceeded, but data or information to support this 
success is lacking. No technical detail is given about how any milestones are achieved or what 
technologies have been developed. 

• This is one of the few projects operating as a test-scale algae farm, and GAI is attempting to scale up to a 
160-acre site. This is an important contribution to gathering much-needed real-world data outside of the 
academic algae test bed sites that are available. The project lead made the claim that this project 
increased carbon capture and utilization efficiency to >90% through improvements to the CO2 absorber 
unit, which resulted in a projected cost of $25/ton. Furthermore, the project lead claimed that direct air 
capture technology was shown to achieve the same productivity as flue-gas-supplied CO2 and resulted in 
a projected cost of $8/ton. Similar claims were made regarding reducing energy used for drying by 97% 
and extraction by 91%. Unfortunately, the project lead did not present any data to substantiate these 
claims, making it very difficult for reviewers to assess their validity or impact. This was a missed 
opportunity for the project team. The limited data that were presented showing productivity of the two 
carbon capture and utilization strategies was confusing, in that it appears the culture/strain used is very 
volatile, showing wide swings in productivity (10–30 g/m2/day) and some suggestions of pond crashes 
over very short periods of time (weeks). From this graph, it also seems plausible that these cultures were 
carbon-limited for both processes, which would account for the lack of difference observed between the 
two cultivations strategies. It is not clear from the presentation if the team has adequate support for algal 
biology in their management structure or their scope of work. There was no mention of current interim 
average annual productivities that have been reached, or if the team is on track to meet the end-of-project 
target of 20 g/m2/day. 

• This project was difficult to evaluate. Much of the presentation reflected philosophical opinions 
regarding algae’s immense possibilities and the restatement of project specific goals and necessary 
commercial targets. Very little data are presented in support of the results and conclusions being 
presented, making it difficult to render opinions regarding the project and its progress toward project 
goals and end-of-project milestone. No mention is made of the algae strains used, mass balances, TEA, 
or LCA. The totaled condition may be due to the public nature of the proceedings and the need to protect 
the sensitive and commercial interests of GAI, and the actual detailed project status monitoring remains 
entirely resident with the DOE project monitors. 
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PI RESPONSE TO REVIEWER COMMENTS 
• The project has gone through a go/no-go review in which the DOE verification team confirmed the 

results presented. This was a multi-hour review, so repeating it in the few minutes allotted during the 
Peer Review for technical progress would be futile, which is why summary-level data and results were 
presented. The actual data values for each milestone achieved were presented (e.g., 98% carbon capture 
efficiency with simulated coal flue gas, over 100% utilization efficiency, 0.20-MJ/kg energy use for 
drying, and 0.16-MJ/kg energy use for extraction). The daily productivity for a 38-day test with direct air 
capture was presented, and the test substantiated the claim of high productivity with direct air capture. 
The test showed that an average of over 23 g/m2/d was achieved with direct air capture, and this was the 
same productivity as achieved for a raceway with externally supplied CO2. There were no pond crashes, 
but since this is actual outdoor data, including days with very high rainfall, the productivity does vary 
over a broad range. Importantly, the variation was consistent between the raceway with externally 
supplied CO2 and the raceway operating with direct air capture. The extraction and drying unit 
operations are the subject of multiple invention disclosures, which are being converted to patents, so of 
course we cannot describe the approach in an open meeting. Overall, the results presented are extremely 
positive for the development of algae for biofuels and commodities, especially high productivity with 
direct air capture, low-energy drying, and low-energy extraction. 
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DISCOVR 
DISCOVR Consortium 

PROJECT DESCRIPTION 
To meet the 2030 annual productivity target (25 
g/m2/day), the DISCOVR consortium—a 
collaboration between PNNL, Los Alamos National 
Laboratory, NREL, Sandia National Laboratories, 
and the algae test bed at Arizona State University—
was tasked with identifying and testing new high-
productivity algae strains and finding ways to further 
improve biomass productivity during cultivation, enhance biomass value, and increase crop protection and 
culture stability. Major accomplishments include successful execution of the DISCOVR strain downselection 
pipeline, culminating with the top seven strains deployed in outdoor growth trials at AzCATI. These were 
selected from a comparative study of temperature and salinity tolerance of 42 strains, followed by productivity 
assessment of 24 strains under climate-simulated conditions, leading to 13 strains cultivated in outdoor ponds. 
Addition of growth promoting molecules, reducing oxygen inhibition, and luminostat control each increased 
productivity by >20% relative to baseline productivity. Targeted compositional shifts in response to nutrient 
depletion resulted in >20% increase in value productivity (in $/m2/day). New methods were developed to 
predict and prevent pond crashes using spectroradiometric monitoring, machine learning, and integrated pest 
management. A concerted effort in year-round cultivation trials led to a 57% increase in annual biomass 
productivity in 2 years (11.7 to 18.4 g/m2/day), equivalent to a reduction in biomass selling price of 27%, from 
$824/ton to $603/ton. 

 

WBS: DISCOVR 

Presenter(s): Michael Huesemann 

Project Start Date: 10/01/2020 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $1,799,127 
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Photo courtesy of DISCOVR Consortium 

COMMENTS 
• DISCOVR is a large, coordinated research effort that aims to improve biomass productivity and value by 

downselecting strains via the DISCOVR pipeline and validating lab-scale studies in SOT cultivation 
campaigns at the AzCATI outdoor test bed site. A formal technical advisory board comprising experts 
from academia and industry provides quarterly feedback on approach and results. Downselection of 
strains through the pipeline, along with the application of strategic cultivation and crop protection 
approaches, has yielded significant results increasing annual average productivity to >18 g/m2/day with a 
summer season average in excess of 31 g/m2/day. Improvement in biomass productivity >20% compared 
to baseline was met for two of the seven strains tested outdoors. The addition of growth-promoting 
molecules also stimulated productivity of M. minutum at lab scale by 30% during simulation of winter 
weather conditions, but further work will be needed to establish the feasibility of this approach at scale. 
Taken together, these results support BETO’s MYPP objectives and show continual progress toward 
meeting and exceeding the project’s end goals. It may be of interest to the team to consider further 
refining the Tier I pipeline protocol for incoming strains of interest, and to consider if initial pipeline 
cultivation conditions are introducing bias that may favor performance of some species over others (e.g., 
adapting all strains to the same DISCOVR media versus using a strain’s optimal media, observed 
variability in bacterial load of seed cultures). For example, it was noted that nitrogen and phosphorous 
requirements for optimal growth of P. celeri were not present in the lab medium and were later amended 
in outdoor trials, leading to significantly higher growth of this strain outdoors than was simulated in the 
lab. This observation suggests that some other strains may not have performed at their peak in the earlier 
Tier I studies, and high performers could have potentially been missed due to cultivation bias. This is 
worth addressing in future work. 

• Overall, this large project seems to be going very well and progress is being made toward improving 
algae productivity during outdoor growing conditions. The DISCOVR team has weekly meetings and is 
guided by a technical advisory board. Risk and mitigation strategies are identified. Updates on how risks 
are being addressed would be helpful. The coordinated approach to identify stable and highly productive 
strains, increase productivity, improve culture stability, and test these strains in outdoor ponds is likely to 
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advance the state of the art. Significant gains have been made in biomass productivity and biomass cost 
per ton, which likely will have a positive impact on commercializing industrial algae efforts. Larger 
productivity gains will likely be necessary to justify the addition of the growth-promoting molecules. 
The project team seems to be making appropriate progress toward project goals. 

• The DISCOVR program is a large consortium effort focused on reducing algae biofuels production costs 
by increasing cultivation productivities via strain screening and testing of new operational strategies 
across 15 separate tasks. The program is using clear, measurable target milestones, making their progress 
against these evident. The strain characterization program has evaluated 42 strains to date, including cold 
and warm weather strains and a range of salinity conditions before scaling to indoor PBR operations 
followed by outdoor pond operations in Arizona. A number of the initiatives evaluated were successful 
in improving productivity and run times in outdoor conditions. TEA modeling was added to the program 
based on previous Peer Review comments. This modeling is providing valuable feedback to support 
driving the research areas of focus and has identified the importance of focusing on seawater strains and 
strains that can be gravity-settled. An extension of this could be a consideration to expand the DISCOVR 
program to focus beyond target productivity rates to set metrics to lead to the most optimal strains for 
both cultivation and downstream processing based on integrated process considerations. It was 
understood that crop rotations are used to operate at maximum productivity during each season, and 
these crop changeovers and associated inoculum support systems are not fully modeled in the TEA 
model results. This would have some throughput impact when translating to a commercial-scale system. 

• The project provides an excellent example for organizing, assembling, and managing the aggregation of 
very diverse and extended technical programs into a consolidated, practical, and productive endeavor. 
The management team has undertaken a risk management and mitigation program that reflects many of 
the earlier lessons learned, proactively coordinates with all the adjacent and related BETO projects and 
programs and integrates many of their findings and progress toward advancing many of BETO’s major 
stated goals. Just as importantly, the project helps identify new or revised topics that, in turn, help inform 
many of the adjacent projects and programs. Consideration should be given the maximum practical 
extent to enhance the DISCOVR platform into being able to test with genetically modified strains in 
open-pond environments. This can help inform the laboratory and toolkit development programs, as well 
as help define possible timelines and expectations regarding the impact of these technologies. 

• This appears to be one of the largest and most geographically dispersed teams under review this year. 
That large team separated over different labs creates an inherent risk that seems to have been well 
mitigated in this case. As a result, this project does appear to truly gain from each of the sub-team’s 
strengths, expertise, and resources in contribution to a collaborative effort that is greater than the sum of 
its parts. This team comprises the most highly regarded researchers in the field, and the management of 
the project is a reflection of this excellent team. The amount of work and its sweeping scope makes it 
difficult to compare to most other projects in the portfolio. In fact, the high degree of synergy between 
this effort and other AOP efforts is so high that it is difficult to separate many national lab projects from 
their contribution to this consortium. The DISCOVR project appears to be the flagship of BETO-guided 
efforts and seems as closely aligned with BETO priorities and goals as can be imagined. The funneled 
downselection of strains seems well planned and logical, but it also seems redundant to the National 
Alliance for Advanced Biofuels and Bioproducts consortium effort that launched the BETO AAS 
Program. This work is well targeted at impactful efforts and has demonstrated impactful technical 
achievements. The call for collaboration is a step in the right direction for ensuring lasting impact from 
this effort. The team has engaged an appropriate advisory board and looked for commercial stakeholders 
to participate. The involvement of Aequor in the DISCOVR project is positive, but the fact that only two 
private companies applied to participate in the project and the one private company now working with 
the team is not an algae company may indicate tepid private sector response and very low likelihood of 
any commercialization impact occurring as a result of this work. It appears that the team has achieved all 
of its goals on schedule. The end-of-project milestone of achieving a 10% year-over-year improvement 
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in productivity from 11.7 g/m2/day seems like a very difficult goal to fall short of achieving before 
September 2022 given that one of the strains used in the study had already proven a sustained growth 
rate of almost three times that amount in an outdoor open pond. All the work done by this team is of the 
highest quality. All internal milestones have been achieved with very small change in the commercial 
landscape or progress toward BETO’s ultimate goals. 

• This is a flagship project for BETO taking an approach to reduce total microalgae biofuels production 
costs by applying an integrated screening platform for the identification of high-productivity strains with 
cellular composition suitable for biofuels and bioproducts for resilient, year-round outdoor cultivation, 
and testing new concepts to increase annual SOT productivities and reduce the minimum biomass selling 
price. The main goals include improving biomass productivity, enhancing biomass intrinsic value and 
value productivity, and increasing crop protection and culture stability. A new spectroradiometric pond 
monitoring system is also being developed through this project. The project uses TEAs to screen 
economic feasibility of new concepts prior to pond trials. The final goal is for new strains and optimized 
conditions to be tested in year-round seasonal SOT trials at the BETO test bed at AzCATI. The project 
has a call for collaboration with industry and academia to develop strains through the DISCOVR 
pipeline and is a key collaborator in a large number of other BETO projects. The project’s main impact 
will be in increasing the annual SOT productivity with concomitant decreases in minimum biomass 
selling price, with the hope to reach BETO 2030 target of $488/ton years ahead of schedule. This is a 
very high-profile project for the BETO platform with multiple collaborations and inputs into other 
projects within the BETO platform. The project has tested 42 strains for temperature and salinity 
tolerance under their Tier I screen. Twenty-four strains passed to their Tier II screen to be grown under 
climate-simulated conditions in PBRs. Thirteen of the strains passed into the Tier III screen for test bed 
cultivation. Of these, seven strains have been evaluated in seasonal SOT trials at AzCATI. Some strains 
have shown the ability to grow close to 20 g/m2/day, and cultivation improvement processes, along with 
controls, monitoring, and production improvements, are projected to be able to hit the BETO 2030 
targets. The spectroradiometric tool and cultivation practices being developed are seen as key 
innovations for this platform. The progress is resulting in very high-impact publications in the peer 
literature. Management and communication team and strategies are well described and excellent. A 
unique set of critical success factors have been identified for the project. Risks and mitigation strategies 
were identified and described by task. Go/no-go milestones based on measurable productivity and failure 
modes provide a basis for strain selection into the pipeline. Progress was described through tasks, 
milestones, and go/no-go decision points, providing an adequate assessment of progress for the project. 
A technical advisory board with excellent consultants and a discussion process is included. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for the complimentary feedback on this project and the team’s progress. We 

appreciate the opportunity to respond to some of the points raised here.  

COMMENT: It may be of interest to the team to consider further refining the Tier I pipeline protocol for 
incoming strains of interest, and to consider if initial pipeline cultivation conditions are introducing bias 
that may favor performance of some species over others (e.g., adapting all strains to the same DISCOVR 
media versus using a strain’s optimal media, observed variability in bacterial load of seed cultures).  

RESPONSE: The reviewer brings up a reasonable point about reviewing and potentially refining the 
initial stages of the DISCOVR screening pipeline. We will consider further refinement and broadening 
of our approach, both to streamline the process for incoming strains and to address potential biases in the 
screening effort. Unfortunately, the potential for biases in any screening effort is unavoidable. False 
positives will get weeded out in further testing, but false negatives early on, as the reviewer notes, can 
lead to missing high-productivity strains due to simple cultivation biases. In our approach, we chose to 
reduce the number of media formulations tested and increased the number of strains screened. The 
screening medium was chosen with input and feedback from the Technical Advisory Board as a 
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reasonable approximation for an industrially relevant cultivation medium, using major elements that 
would be present in future nutrient recycle streams (e.g., ammonia-nitrogen). This medium will certainly 
not be optimized for every strain tested, but for strains that pass the initial screening efforts and graduate 
to indoor pond simulators and outdoor cultivation, medium optimization is a potential avenue for 
increased productivity. In our reexamination of biases, we will consider exploring variations in medium 
composition on top DISCOVR strains, as well as rescreening poor-performing strains in alternate test 
media.  

COMMENT: Larger productivity gains will likely be necessary to justify the addition of the growth-
promoting molecules.  

RESPONSE: Growth-promoting molecules or plant hormones are cost-effective and inexpensive, and 
they are actively being used in agriculture at scale. An initial cost analysis performed by Bruno Klein 
and Ryan Davis at NREL suggests that if we supplement algal strains with indole acetic acid, we only 
need a very small increment in growth—as little as 2% for adding 1 µM indole acetic acid—to achieve a 
reduction in minimum biomass selling price. Assuming a 30% increase in outdoor productivity in 
response to 1 µM indole acetic acid addition (as was observed in our ePBR experiments) for all 12 
months of the year, the overall reduction in minimum biomass selling price would be 16%, and thus 
more than make up for the additional cost of adding growth-promoting molecules.  

COMMENT: Consideration should be given the maximum practical extent to enhance the DISCOVR 
platform into being able to test with genetically modified strains in open-pond environments. This can 
help inform the laboratory and toolkit development programs, as well as help define possible timelines 
and expectations regarding the impact of these technologies.  

RESPONSE: We agree that it is anticipated that at least a fraction of the future-needed improvements in 
biomass productivity and composition may require the deployment of genetically modified strains, and 
that the DISCOVR consortium is ideally positioned to lead the way to streamline the deployment of such 
strains in an outdoor test bed in a coordinated manner. So far, there have been only limited reports of 
genetically modified strain candidates exhibiting higher biomass productivity with sufficient long-term 
genomic stability, and therefore pursuit of outdoor deployment has not been an immediate priority for 
DISCOVR. However, at laboratory scale, GMOs (e.g., Nannochloropsis gaditana) have been shown to 
alter biomass composition, particularly lipid content. The AzCATI test bed site has successfully obtained 
approval and permits for outdoor deployment of multiple genetically modified algae strains (for 
affiliated projects in the DOE BETO competitive portfolio, such as PACE and RACER) via the required 
TERA by the U.S. Environmental Protection Agency. The AzCATI test bed site has a designated six-
pond separate location that is encompassed by secondary containment and has incorporated necessary 
field safety precautions. It is anticipated that this TERA permitting process could be streamlined and 
adapted, translating to an ultimately much shorter approval for deployment of novel strains made 
available by the community, with demonstrated performance (and compositional or resilience) 
improvements demonstrated at the laboratory scale under relevant and simulated conditions. We believe 
that the DISCOVR team is ideally positioned to enable and accelerate the deployment of genetically 
modified strains to relevant outdoor environments.  

COMMENT: An extension of this could be a consideration to expand the DISCOVR program to focus 
beyond target productivity rates to set metrics to lead to the most optimal strains for both cultivation and 
downstream processing based on integrated process considerations. It was understood that crop rotations 
are used to operate at maximum productivity during each season, and these crop changeovers and 
associated inoculum support systems are not fully modeled in the TEA model results. This would have 
some throughput impact when translating to a commercial-scale system.  

RESPONSE: TEA efforts in the DISCOVR consortium are continuously being revised and updated to 
better reflect the design of algae farms using “nth plant” assumptions and to encompass new metrics that 
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aid in demonstrating the viability of deploying the strains identified under DISCOVR in large-scale 
cultivations. A recent addition of a comprehensive modeling effort to establish and iterate over an 
“operational baseline” TEA seeks to include more granular design details for the inoculum train, 
incorporating the ramifications of pond downtime metrics, and does cover the cost impacts of dynamic 
strain rotation throughout the seasons. While DISCOVR is, through close collaboration, involved with 
and guides experimental conversion research, the project scope does not currently include conversion 
research. Rather than expanding the focus to downstream processing, we are committing to broadening 
the interactions and knowledge base of an integrated system inclusive of fuel/product yields. An example 
of a close interface with a conversion path and the cost and yield implications of algae productivity and 
composition is DISCOVR’s recent work toward establishing an objective basis for biomass “intrinsic 
value” assessments. This approach allows for quantifying economic trade-offs between productivity and 
improved compositional quality for downstream conversion and thereby identifying the most optimal 
strains to support this trade-off while minimizing the cost penalty associated with possible growth rate 
reductions.  

COMMENT: The funneled downselection of strains seems well planned and logical, but it also seems 
redundant to the National Alliance for Advanced Biofuels and Bioproducts consortium effort that 
launched the BETO AAS Program.  

RESPONSE: We believe that the DISCOVR project stands on the shoulders of many great achievements 
in the algae R&D community and is uniquely positioned to make the improvements and advances 
needed to achieve the aggressive productivity, fuel, and product cost and sustainability targets. The 
funneled downselection of strains in the DISCOVR project is an extension and refinement of prior strain 
characterization efforts that were carried out in the National Alliance for Advanced Biofuels and 
Bioproducts and Regional Algae Feedstock Testbed consortia, while the outdoor deployment 
infrastructure and processes at the AzCATI test bed site are building on an established knowledge base 
from the ATP3 consortium. Relative to the National Alliance for Advanced Biofuels and Bioproducts  
project, two innovative strain characterizations are carried out in the DISCOVR project to objectively 
downselect strains. First, at Tier I, the maximum specific growth rates of strains are measured as a 
function of temperature and salinity to identify the optimum growing season and the optimum medium 
salinity. Only strains with the highest maximum specific growth rates are downselected for subsequent 
testing in PNNL’s laboratory environmental algae pond simulators (LEAPS) climate-simulation PBRs. 
Second, at Tier II, strains are cultured in the LEAPS PBRs under identical climate-simulated winter and 
summer season (for Arizona) conditions to allow for the objective comparison of all strains under similar 
seasonal cultivation conditions. This has never been done before in any other BETO-funded project. The 
strains with the highest seasonal (winter/summer) areal biomass productivity are then tested in outdoor 
ponds. In summary, such a rigorous and objective strain downselection process is unique to DISCOVR 
and brings together the most promising strategies in an innovative and outdoor-relevant deployment 
pipeline, underpinned by rigorous data collection and dissemination and TEA in the form of annual SOT 
reports. 
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INTRODUCTION 
The Agile BioFoundry (ABF) Technology Area is one of 12 technology areas that were reviewed during the 
2021 Bioenergy Technologies Office (BETO) Project Peer Review, which took place virtually March 8–12, 
15–16, and 22–26, 2021. A total of 17 presentations were reviewed in the ABF session by seven external 
experts from industry and academia. For information about the structure, strategy, and implementation of the 
technology area and its relation to BETO’s overall mission, please refer the corresponding Program and 
Technology Area Overview presentation slide decks, which can be accessed here: 
https://www.energy.gov/eere/bioenergy/2021-project-peer-review-agile-biofoundry. 

This review addressed a total U.S. Department of Energy (DOE) investment value of approximately $65 MM, 
which represents approximately 10% of the BETO portfolio reviewed during the 2021 Peer Review. During 
the Project Peer Review meeting, the presenter for each project was given 30 minutes to deliver a presentation 
and respond to questions from the Review Panel.  

Projects were evaluated and scored for their project management, approach, impact, and progress and 
outcomes. This section of the report contains the Review Panel Summary Report, the Technology Area 
Programmatic Response, and the full results of the Project Review, including scoring information for each 
project, comments from each reviewer, and the response provided by the project team.  

BETO designated Jay Fitzgerald as the ABF Technology Area Review Lead, with contractor support from 
Boston Government Services. In this capacity, Marykate O’Brien was responsible for all aspects of review 
planning and implementation. 
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ABF REVIEW PANEL SUMMARY REPORT  
Prepared by the ABF Review Panel 

INTRODUCTION 
The Agile BioFoundry (ABF) is a distributed consortium of seven national laboratories: Lawrence Berkeley, 
Sandia, Pacific Northwest, Los Alamos, Argonne, Oak Ridge, and the National Renewable Energy Laboratory 
(NREL). The ABF’s mission is to reduce the time needed to scale up the bioproduction of advanced biofuels 
and renewable high-volume chemicals through the development of integrated capabilities across the national 
laboratories. Specifically, the ABF’s goal is to reduce bioprocess scale-up time by 50% compared to the 
average of 10 years, thereby supporting the advancement of the U.S. bioeconomy. To do this, the ABF focuses 
on developing enabling technologies to accelerate the design-build-test-learn (DBTL) cycle around 
engineering microbes for molecule production. The ABF funds internal projects, as well as partnership projects 
with industry and academia via directed funding opportunities (DFOs). ABF also participates as a team 
member in funding opportunity announcements (FOAs) directly funded by DOE. Within internal projects, 
ABF has four technological subareas: (1) DBTL, (2) integrated analysis, (3) host onboarding and development 
(HOD), and (4) process integration and scale-up. For this review, internal projects related to infrastructure, 
target and host engineering, HOD, and industry outreach were presented. A total of seven DFO projects and 
five FOA projects were also presented, which included a mix of small and large companies as well as 
academia. The three modes of advancing ABF goals were evaluated during the BETO Peer Review process.  

STRATEGY 
The ABF has a defined strategy, with a clear mission, goals, and technical targets. Over the last five years, the 
ABF has successfully established a program that develops industry-needed enabling technologies and hosts, 
gives access to scale-up infrastructure, and engages with industry toward the development of the bioeconomy. 
Still needed, from a strategic planning perspective, is a thorough analysis of key barriers to industrial 
fermentation-based manufacturing, how those barriers inform ABF technological areas, and to what extent 
DFO/FOA and internal ABF activities address these barriers. Further, the panel suggests establishing easily 
understandable metrics to track success. For example, important measures of work performed (e.g., number of 
hosts onboarded or equipment acquisitions completed) were provided. However, additional metrics for the 
ABF’s role in the growth of the bioindustry need to be clearly defined. Such an internal analysis could help the 
ABF rebalance its portfolio and set new technical milestones for the next five years. 

The panel agrees that the ABF needs extensive interactions with industrial partners to achieve its goals. Both 
DFOs and FOAs were judged as appropriate funding mechanisms. External partnerships strengthen existing 
ABF skill sets and give small companies access to cutting-edge technologies to accelerate their pathway to 
product commercialization. The selection of the DFO partnership projects tries to strike the right balance 
between an individual company’s commercial interest with broader commercialization impact to the 
bioeconomy. The panel agrees that there are additional opportunities to leverage, through the DFO and FOA 
processes, at the project distribution level in terms of project risk, and potential for advancing ABF 
capabilities. Specifically, DFOs and FOAs could take more risk by incorporating more innovative 
technologies, ensuring that ABF meets its goals. Often, DFOs and FOAs were seen as benefitting the partner 
companies more than advancing ABF capabilities. In some cases, it was unclear the benefit to the entire 
bioeconomy rather than the selected company. Finally, the time scale for industry-led projects (18 months to 3 
years) was seen by some as too long as companies need to show rapid progress, which in turn requires very 
rapid deliverables (e.g., 1 month) from ABF. For this reason, it was suggested that the ABF should increase 
industry awareness and use of Strategic Partnership Projects (SPPs).  
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ABF integrates input from industry and diverse stakeholders to develop its strategy, regularly vetting it with 
the industry advisory board (IAB) and using external reviewers to vet DFO proposals. The IAB involvement 
could be stronger, and it could be brought in to advise with greater frequency. Further, the IAB is not fully 
representative of the breadth of industries and product cycle stages that form the bioeconomy. More generally, 
the ABF has not prioritized diversity and inclusion in how it engages industry. Finally, dissemination of ABF 
capabilities is currently not sufficient. Improved dissemination would improve the type and number of industry 
and stakeholders giving input into program strategy, FOA topics, and lab calls. 

No major technical gaps were identified by the panel. The panel agrees that all the technology areas the ABF is 
currently working on support the development of a robust bioindustry. Technological areas with most impact 
were judged to be HOD as well as host engineering, in particular the beachhead concept that emphasizes the 
development of high-flux pathways toward beachheads rather than a commercial product, with the vision that 
companies would further engineer these strains to produce the final product. Nevertheless, going forward, the 
ABF should verify that companies want to use the strains leading to the beachheads. Machine learning 
approaches to accelerate the DBTL cycle were judged as promising. The techno-economic analysis (TEA) and 
life cycle assessment (LCA) of chemical bioproducts that could be derived from beachheads will help industry 
determine the commercial viability of a product and set appropriate target objectives for bioproduction. Other 
highly impactful areas were the generation of chemical biosensors for high-throughput screening, rapid DNA 
design and construction, proteomics and metabolomics infrastructure, and the development of publicly 
available tools and databases to leverage ABF findings. Standardized metrics for the DBTL cycle composition 
and time should be used by all projects. This would allow the identification of key challenges, which is the 
premise to the entire ABF effort (i.e., improving the speed of the DBTL cycle to improve the speed of 
bioproduct scale-up). Via the presentations, it was not clear to the reviewers if DBTL cycles had improved 
since the last Peer Review.  

In the coming years, the ABF has an opportunity to better define its role in the bioeconomy in order to fulfill 
its mission effectively and efficiently. A fee-for-service (i.e., SPP) model was seen by some as more 
appropriate for some industrial interactions, helping ABF accelerate its process. SPPs could help support 
foundational work at the ABF that may not be directly integrated into a FOA or DFO. Further, SPP funds 
could also be applied to reduce academic cost-share burden. Such an approach must be counterbalanced by the 
fact that ABF may lack the capacity to evolve more innovative projects. Finally, with the recent establishment 
of the Department of Defense-led Bio-Industrial Manufacturing and Design Ecosystem, BioMADE, the ABF 
may also wish to define its role more clearly in the bioindustrial ecosystem and avoid duplicating work and 
effort underway in BioMADE.  

STRATEGY IMPLEMENTATION AND PROGRESS 
The ABF is funding a range of projects that are closely aligned with its mission. The strategy was well 
conceived and sensibly prioritized. The range of project partners, from small startups to large mature 
companies as well as academic laboratories, allowed the ABF to tackle technical challenges at different stages. 
The portfolio of projects related to different goals of the ABF. HOD was a particularly relevant project, and a 
more extensive dissemination of these results would have a greater impact to the broader community and 
stakeholders. It was noted that, potentially, advancing a reduced number of hosts to the highest tier (high-
throughput screening capabilities) might be more helpful than onboarding many organisms at the lowest tier. 
The work-around beachhead was also identified as particularly relevant because it should reduce the time to 
industrial development, albeit it has not yet been proven to do so. Additionally, multiple projects focused on 
addressing scale-up bioproduction issues.  
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Improvements in the ABF capabilities could be assessed with additional metrics pertaining to the speed of 
DBTL cycles, number of experiments per month, or FOA/DFO contributions to DBTL capabilities. Without 
such metrics, it was difficult to quantify the overall success of the ABF. The ABF is on the path to, but is not 
yet at the level of, rapidly offering bioindustrial services to industry. Working toward this goal is part of the 
ABF’s mission. 

Projects were judged as being on the leading edge of the work within the field, enabling science that pushes the 
capabilities of what one laboratory is able to do. Projects are being worked on diligently and are hitting the set 
targets and goals. The overall scope of work, ambition, and challenge level are on par. However, there is room 
to choose projects that encourage more innovation and for projects to have a clearer alignment with filling the 
goals identified by ABF. It was particularly impactful to be able to access all the ABF resources via a 
centralized system. Although all projects were in line with ABF goals, some had only a limited benefit in 
expanding ABF capabilities. Some members of the panel saw requiring lignocellulosic feedstock for all ABF 
projects as a limitation because it was judged to be of limited immediate utility to industry, and possibly 
against the goals of reducing time to market.  

The ABF is likely to meet its goals and targets based on its current portfolio. However, the panel urged the 
ABF to prioritize the identification of metrics that define success for the ABF, and to identify its long-term 
goals. The project portfolio fits well within the overall mission of the ABF. However, it is important to ensure 
that each of the internal projects, DFO projects, and FOA projects address gaps in knowledge or process 
identified by the ABF. A systematic analysis of the different approaches the ABF is taking to ultimately 
accelerate the scale-up of bioproducts would ensure that the funded projects are filling critical areas of need. 
Such an analysis would not only identify successful approaches and generate lessons learned that could be 
generalized for the scale-up of different products but would also identify criteria for closing out unsuccessful 
projects so that scarce resources could be reallocated.  

The ABF team is managing projects well, staying focused on the goals and mission of the program, and 
leading to beneficial outcomes to the performers and government. A more specific determination of success 
metrics and overall ABF long-term goals would result in improved benefits for performance and government.  

RECOMMENDATIONS 
Establish clear metrics around ABF goals and outputs. 
The panel unanimously concurred that the ABF should systematically analyze its medium- and long-terms 
goals with an eye toward identifying gaps in knowledge and process to ensure a high impact on progressing the 
U.S. bioeconomy. Currently funded projects fall within the ABF’s mission; however, the contribution of each 
project toward addressing a specific technical gap was not always clear. Further, performing such an 
evaluation in a continuous fashion will allow the ABF to identify new barriers, ensuring that it will always be 
working at the leading edge of the field.  

The panel also agreed that ABF should develop clear metrics around overall ABF success and the success of 
specific ABF areas. If the ABF’s goal is to reduce the time in bioprocess scale-up by 50%, then the metrics at 
the forefront should be those that are relevant toward this outcome, rather than peripheral measures (e.g., 
number of onboarded organisms, new equipment acquisitions, academic publications) that do not allow the 
evaluation of the effectiveness of the ABF to its stakeholders and the government. In particular, standardized 
metrics across different projects to assess the improvement of the DBTL cycles over time should be 
implemented. For example, how many strains can be assembled in one day, how many omics experiments can 
be run in a month, how often are ABF hosts and tools used outside ABF. These metrics, and others like them, 
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should be used to not only assess future projects but also current projects to determine their continuation. 
Overall, the ABF should see an improvement in the metrics—in particular speed and cost reduction—on 
improving the bioproduction of new molecules over time. 

Partnership projects should be strategic, with a look at helping companies mature, 
advancing ABF capabilities, and the entire bioindustry. 
The panel concurred that the DFO and FOA projects allowed the ABF to partner with companies and academia 
to fulfill different roles depending on the partnerships. Most of the presented partnerships were seen more as 
using ABF existing capabilities and significantly benefitting industrial collaborators rather than advancing 
ABF capabilities (e.g., accelerating the DBTL cycle) or providing benefits to the entire bioindustry. In the 
same spirit, the ABF is providing outstanding support to smaller companies by providing access to capabilities, 
such as metabolomics and machine learning, that are unavailable to them. The ABF should also start 
demonstrating that these contributions are indeed helping those companies mature. Overall, the ABF should 
measure if their own capabilities are improving over time and be able to correlate a reduction in the scale-up of 
molecules with each subsequent molecule produced.  

The panel members agreed that the larger the government investment, the more ABF should be advancing the 
state of the art and its own capabilities, or choosing projects that would allow them to fill some of the gaps in 
knowledge or process identified as critical to accelerate the scale-up of bioproducts. Part of the problem with 
addressing this second challenge is that the ABF has not systematically analyzed the bioindustry to identify 
key barriers and developed a plan to specifically address those barriers via internal project funding or 
partnership. Moving forward, the panel recommends the ABF reevaluate the barriers in industry by strongly 
engaging stakeholders and industry, to reevaluate what is most needed to reduce the time to scale-up as a 
bioproduct. This will allow the ABF to not only reassess its priorities at the five-year mark, but also more 
deliberately choose the projects with which it engages.  

The panel members agreed that the ABF should start testing whether some of their hypotheses for reducing the 
time to scale-up a bioproduct are indeed valid. Beachheads are a large emphasis of the ABF, and partnership 
projects should start evaluating the value of access to these beachheads in order to determine if the concept 
needs be refined or abandoned. A similar argument can be made around host onboarding development. The 
ABF is currently onboarding more than 15 hosts and moving only some of them to higher tier (i.e., tools that 
allow for high-throughput screening). Partnership projects should start evaluating if this approach is the most 
impactful or if the reverse is more appropriate: focus on a smaller number of hosts but advance them all to a 
higher tier.  

Increase dissemination of ABF capabilities and outreach to stakeholders. 
The ABF is building a public infrastructure that should be available to all stakeholders. The ABF includes 
participation of industry leaders on the IAB and as DFO partners. There is an opportunity to increase 
awareness among industry and academia on how to engage with the ABF or ABF capabilities. Disseminating 
the knowledge and access to those capabilities will accelerate the rate at which companies move through the 
start-up process and make it or fail in the market. The ABF should not only develop software or repositories, 
but also other reference materials such as manuals and virtual seminars to spread the knowledge gained at the 
ABF, in particular around HOD. The panel also recommends that the ABF use more extensive and more 
targeted channels to advertise the different funding mechanisms (e.g., fee for service, SFO, FOA).  

Finally, the panel recommends that the ABF better engage with industry and utilize its IAB. The IAB should 
encompass all sectors of the bioeconomy, from small startups to large companies. It should also engage with 
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companies in different parts of the bioeconomy, from suppliers to distributors to end product manufacturers. A 
robust bioeconomy will hinge on the advancement of all these sectors.  

 

ABF PROGRAMMATIC RESPONSE 
INTRODUCTION 
The program would like to thank the reviewers for their time and thoughtful comments throughout the review 
process. The program responses to reviewer recommendations are found in the following section. 

Recommendation 1: Establish clear metrics around ABF goals and outputs. 
The program appreciates that the reviewers identified this opportunity to improve tracking of progress made by 
the consortium. Measuring and tracking the ABF’s progress is key to the ABF’s overall mission and goals, and 
provides an opportunity to shift activities in response to changing priorities. The program particularly 
appreciates the suggestion to run an opportunity analysis to identify gaps and redundancies in the research 
activities to ensure each activity is contributing to the ABF’s mission. In addition to analyzing ABF activities, 
the program also agrees that there are opportunities to more clearly measure and communicate improvements 
in the DBTL cycle time. These metrics are currently tracked by the ABF on a project and consortium basis, 
and are recorded and reported internally. These cycle times are also reported during public-facing 
presentations. Careful development of these metrics and tracking therein have been a focus of the ABF 
management. One of the FY 2020 milestones, in fact, was to define DBTL cycle times with specific unit 
operations. The go/no-go milestone for FY 2021 was “5 metabolic pathways and/or tools transferred between 
hosts, with 2X improvements in second host, with metrics defined for each case.” This go/no-go served to 
ensure that DBTL cycle times can be tracked effectively, and that the ABF is able to demonstrate quantifiable 
progress. Each of these milestones has been met, providing a foundation for future work to accelerate DBTL 
cycle times and effectively monitor progress.  

One component of more clearly tracking progress is measuring DBTL cycle times, as described above. While 
that is one option, there may also be an opportunity to use other types of metrics. Another approach would be 
to better articulate advances in host development, such as how quickly hosts can reach tier 2, or creating a 
beachhead strain that would lead to achieving the overall goal to reduce development time by 50%. Some 
current activities have been working to reduce cycle time in concert with an external partner, showing that 
ABF internal advances can be translated to industry.  

The feedback from this Peer Review indicates that communication regarding DBTL cycle time and progress 
toward strategic goals can be improved. It will be important to demonstrate the DBTL acceleration capacity of 
the ABF as a whole. Progress made on individual projects also indicates progress toward the ABF’s goals. For 
example, in working with the ABF, Lygos was able to improve isobutyrate titers by 20-fold by leveraging the 
ABF’s capabilities. The program will work with the ABF to identify areas to improve both tracking and 
effective communication of progress.  

Recommendation 2: Partnership projects should be strategic, with a look at helping 
companies mature, advancing ABF capabilities, and the entire bioindustry. 
The program thanks the reviewers for their recommendations to improve the impact of the DFOs and SPPs. 
The program agrees that effective partnerships will have reciprocal benefit, advancing the external partner’s 
capacity and building ABF’s own capabilities. Improved analysis of the outcomes of these projects will help 
provide lessons learned for future activities and ensure the benefit balance is struck between the ABF and the 
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external partner. The reviewers also highlighted that it will be important to track and record whether 
companies are concretely benefitting from the ABF partnerships. There have been clear instances where 
companies have made significant gains through partnership with the ABF (e.g., Lygos). The program notes 
that a formal process to record these benefits will be helpful in the future. Including this in reporting 
requirements for future funding solicitations would provide one mechanism to formalize this type of data 
collection.  

The reviewers note that ABF partnerships that benefit one single company may have limited impact to advance 
the bioeconomy as a whole. Although the ABF focuses on efforts that have the potential to be broadly 
impactful, benefits to individual companies may broadly enable the bioeconomy by penetrating new markets, 
or de-risking a novel technology. Understanding and making publicly available the targeted barrier(s) for an 
external project will help to make clear the benefit to the biomanufacturing industry as a whole, as suggested 
below. The program appreciates this note, and future cataloging of outcomes may help future planning efforts 
to maximize impact from ABF partnerships.  

Finally, the program appreciates the comment that the ABF has an opportunity to further analyze the 
biotechnology industry to identify barriers. Substantial effort has been undertaken by the ABF to solicit and 
incorporate industry feedback, through the official IAB, and through informal interviews with members from 
industry. Additional outreach could be performed as a part of a future industry listening day, as a special 
session to catalog and prioritize barriers. The program agrees that this work to understand gaps is an ongoing 
process, and should be informed by as many partners as possible. Improving diversity, equity, and inclusion is 
key to ensuring all stakeholders are included and are able to effectively share their perspectives. BETO has a 
commitment to incorporating principles of diversity, equity, and inclusion across all platform efforts. These 
principles will be applied to outreach activities in the future to ensure that all stakeholders’ perspectives are 
captured.  

One key aspect fundamental to all projects is the choice of feedstocks. The reviewers highlighted that 
hydrolysate and lignocellulosic feedstocks are mismatched with the needs and capabilities in industry. The 
program notes the concern and will work with stakeholders to incorporate appropriate feedstocks that are 
within our authorization and are appropriate to the role of government. 

Finally, the program appreciates the reviewers’ suggestion that the ABF can leverage partnerships to inform 
host onboarding decision-making. There are many opportunities to strengthen the ABF strategic planning 
through partnerships, and the program appreciates the reviewers’ identification of this opportunity for input on 
host onboarding. 

Recommendation 3: Increase dissemination of ABF capabilities and outreach to 
stakeholders. 
The program thanks the reviewers for highlighting this opportunity to raise the visibility of the ABF. The ABF 
website has been recently revamped and is undergoing continual improvements to ensure that it is user-
friendly, up-to-date, and informative. The capabilities page has been updated recently in response to these Peer 
Review comments, and now lists additional ABF capabilities across the DBTL teams. Additionally, ABF has a 
twitter account for informal networking and information sharing. The ABF’s twitter account has 886 followers 
at the time of this report. The program will continue to encourage the ABF to improve the impact of their 
communication efforts. The program is motivated to improve the visibility of the ABF and access to ABF 
capabilities to the broader community. Publishing a “year in review” or similar report could provide additional 
exposure to the public and stakeholders on ABF’s accomplishments, capabilities, and areas for engagement. 
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Further, the SPPs provide an additional mechanism for coordination with the ABF. Effort is underway to 
streamline this process and ensure that the process is amenable and accessible to stakeholders.  
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ACCELERATING ENGINEERED MICROBE OPTIMIZATION THROUGH 
MACHINE LEARNING AND MULTI-OMICS DATA SETS 
Lygos 

PROJECT DESCRIPTION 
The purpose of the proposed project is to demonstrate 
a high-throughput DBTL engineering cycle 
combining multi-omics analysis and machine 
learning with state-of-the-art strain production times. 
The host microbe will be P. kudriavzevii, and the 
target product malonic acid. The proposed DBTL 
cycle leverages the unique capabilities that both 
Lygos and the ABF bring to the table. Lygos will leverage its expertise in efficiently designing, building, and 
cultivating P. kudriavzevii strains. Multi-omics analysis in the test phase will be performed at the ABF labs. 
Lastly, machine learning techniques will be used in the learn phase to analyze the multi-omics data sets and 
make suggestions so as to increase malonic acid production in subsequent DBTL cycles; this work will be 
performed at Lawrence Berkeley National Laboratory (LBNL) and Lygos. 
 
The anticipated significance of these data is truly monumental. To our knowledge, this is the largest data set of 
actual measured values that has been employed for this sort of machine learning. This work is expected to 
significantly improve Lygos’s production metrics for malonic acid and will demonstrate the capabilities of the 
ABF to generate complex data sets such as this. 

 

WBS: 2.3.2.209 
Presenter(s): Mark Held 
Project Start Date: 10/01/2018 
Planned Project End Date: 06/30/2022 
Total DOE Funding: $2,857,142 



2021 PROJECT PEER REVIEW 

 

225 AGILE BIOFOUNDRY CONSORTIUM 

  
Photo courtesy of Lygos 

  

COMMENTS 
• Lygos and ABF seek to generate an extremely ambitious, large-scale DBTL experiment, collecting 

80,000 omics and performance data points over six iterations. Beyond enhancing the production of a 
target-host pair of interest to ABF, they also seek to showcase big-data-driven machine learning to 
complement—or possibly even supplant—metabolic modeling in a nonstandard host. The idea is 
extremely attractive, and if the team can show that it works, it will have high impact. There are concerns 
as to whether the execution of the project will be able to match its intended scope, considering that only 
one of the six planned DBTL cycles has been completed. More importantly, it is concerning that there 
are still insufficient data to evaluate whether the magnitude of this approach is warranted. The initial 
recommendations have unknown design value. Further, it was mentioned that the approach can make 
thousands of recommendations, but there is no evidence yet whether their ranking is informative. Given 
the technical challenges and technical risks in scaling up to collecting thousands of data points per 
iteration, and because there is no prior evidence that says that all the transcriptomics, metabolomics, and 
proteomics data are of equal value, it may be better to instead focus on the most informative data and 
limit the scope to that—at least until there is evidence to support that more is better. This might mean 
limiting the number of time points, and/or focusing on only the omics type that was must useful in the 
first iteration. As a related comment, this is an expensive project. The justification for the scope (e.g., 
80,000 data points) was not well conveyed, beyond saying that big data are necessary for machine 
learning. 

• Strengths: Each partner of the team has complementary skill sets. The team managed to collect a large 
number of data points through multi-omics. Weaknesses/areas for improvement: The project/technical 
approach has a very long DBTL cycle. The entire project only aims to complete six DBTL cycles with a 
$2 MM total budget. This is not cost-effective in terms of current industrial standard or compared to 
other ABF projects. The project did not include titer, rate, and yield (TRY) metrics or fold of 
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enhancement in TRY metrics, which limits the impact of the project. It is not clear whether the machine 
learning-recommended modification can improve malonic acid production and to what extent it can be 
improved. 

• The goal of this project is to obtain omics data sets and apply machine learning algorithms on those data 
sets to make nonintuitive predictions to engineer P. kudriavzevii for increased malonic acid production. 
The management of the project seems clear, with leads identified for different parts of the project. With 
respect to approach, the project tasks are well defined, with Lygos focused on the design and build of the 
strain, and ABF focused on the omics and machine learning tasks. The impact of this project is high for 
both Lygos and the ABF. On the Lygos side, this project has the potential to accelerate the engineering 
of P. kudriavzevii for malonic production. Potentially, the P. kudriavzevii data sets could be reused to 
optimize P. kudriavzevii for other on-pathway products. On the ABF side, the large data sets will drive 
the application and development of novel machine learning algorithms to generate ranked predictions. 
The impact of this project on the general bioindustrial field will depend on whether the algorithms will 
be sufficiently general to be quickly repurposed for other pathways, strains, and targets. The project is 
behind schedule, having experienced multiple delays, and the team proposes to recoup time by 
completing three DBTL cycles in a month, which may be an overly ambitious goal. At this point, there 
are no data to determine if the machine learning predictions are helping with strain improvement. 

• Unfortunately, the management of this project is extremely poor and is causing serious problems in 
project process. This assessment is made because the management team should have already made the 
difficult decision to not move forward with this project. Sometimes the most difficult decision is the one 
that is in the best interest of all parties. In this case, the goals set by the management team are 
unattainable and unrealistic, thus earlier decisions to end this project should have been considered. The 
collaborator set out to conduct six DBTL cycles, with only a couple achieved and fully anticipating to 
complete the remainder in a very time-constrained environment. Mostly, ABF seems to be functioning as 
a fee-for-service, and if quantifiable performance metrics were available, a clear argument for how to 
proceed with the project could have been made much sooner. Although the data generated by this project 
could be impactful, poor management of this project failed to capitalize on that aspect. It almost seems 
that this project was too early to be integrated into ABF’s program. 

• The management structure and implementation strategy were summarized well, and it appears that the 
project is well managed. The approach is exciting and innovative, and is quite ambitious. Although many 
people have wanted to implement this type of approach or have done it in academia, on a smaller scale, 
or inside companies behind tall firewalls, this may be the first time it is being done as part of a private-
public partnership, in service of a near-term commercialization target. The tools and approaches 
developed in this project have a clear and strong potential to be widely applicable and beneficial for 
many different companies and commercial products. Although the team has made good progress and was 
understandably delayed by the factors noted, there is a risk that the project will not be completed by the 
end of 2021 (which was noted as that endpoint), because so far there has only been one turn of the 
iterative DBTL cycle, and there are five remaining iterative DBTL cycles in the project plan. If these 
DBTL cycles are done sequentially, there will not be enough time to complete them by the end of 2021. 
Perhaps clever staggering can be done so that there are two parallel iteration paths—i.e., the odd and 
even DBTL cycles might need to be pulled into parallel efforts, such that DBTL 1, 3, and 5 are iterative 
with each other so that learning from a prior cycle informs the next cycle, and DBTL 2, 4, and 6 are 
another iterative path, but there is not cross-pollination between the two. 
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• The scope of work is ambitious and cutting edge; this FOA supports the mission and vision of the ABF. 
It is good to see in these later FOA projects the emphasis on DBTL and reducing that cycle time, or 
showing gains in what can be done in the same amount of time. There was discussion about the number 
of recommendations. This is a nonissue for me, as they are ranked, recommendations are free, and it is 
up to the end user how many to act on. It took two years to do one DBTL cycle. This speaks to the 
difficulty of the work involved (>13,000 data points per cycle for metabolomics and proteomics) and is 
not surprising. It is better to do the work well and get good-quality data rather than rush to meet a 
deadline. COVID-19 certainly slowed progress as well. The project is just about to assess the initial work 
and recommendations in the first DBTL cycle. Completing the next five DBTL cycles will be critical to 
understand and continue to develop the learn capabilities being developed in this project. It’s highly 
unlikely the project is going to get five DBTL cycles in the next nine months, however. Even if they do, 
likely the learn component will be compromised, as the team will be rushing to move onto the next cycle 
and not giving as much time to really dive into the data and extract as much information as possible. The 
project should request a no-cost extension, beyond what was already given due to COVID, to finish the 
project without rushing through the last DBTL cycles. The progress/outcomes is a “4” because the 
progress has been slower than outlined for the FOA (but is still realistic) and also the outcome of the 
work hasn’t been proven, as the results of the first DBTL (out of six) were still underway at the time of 
the presentation. Also, the presentation was a little vague that only one DBTL had been completed, and 
five had not yet been done. The impacts of the first DBTL were overstated; the theoretical impact of 
certain engineering was presented pretty strongly, and it looked like this was actual data, but it has yet to 
be shown to be as effective as modeled. Overall, in the next review, the presenters should be more 
straightforward with the status of the project. This is necessary to get an honest review of the work for 
DOE, and it also reflects poorly on the presenters if it looks like they are trying to overstate progress. 
Going forward, ABF and reviewers should be more skeptical of aggressive timelines for doing ambitious 
work like this. To be clear, the work being done in this proposal is very high quality and beneficial to 
both Lygos and ABF’s goals. I’m not saying “don‘t fund projects like this in the future,” but be more 
realistic about what can get done within the FOA time frame. 

• This project seemed well managed, with monthly meetings, coordination meetings as needed, quarterly 
progress, and financial reports. They prioritized frequent communications to combat the complexity of 
the workflows and utilized Gantt charts. The approach was not shared in extensive detail, but the aim of 
completing six DBTL cycles was ambitious to the point that the cycles were likely rushed. It seems 
unlikely that significant time was spent on learn, and the prioritization of creating large data sets and 
large numbers of recommendations (I think it was 2,500) seems less important that focusing on quality. 
However, the distribution of responsibilities between Lygos and the labs was a nice demonstration of 
leveraging complementary skill sets/capacities. The impact is high: P. kudriavzevii is an important 
organism commercially, and for the transition away from petrochemicals, malonic acid is an important 
target. It is also good that they intend to publish a paper. The progress is good: They have made a mutant 
library as planned, developed an omics pipeline, and done a training set. It seems that they had some 
setbacks related to a fire but have managed to stay on their intended timeline. 
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PI RESPONSE TO REVIEWER COMMENTS 
• The project team would like to thank the reviewers for their feedback, questions, and comments. We 

recognize and apologize for leaving some detail out of the presentation, which would have improved 
clarity around the goals and our progress on this project. This was done to protect confidential 
information. Several reviewers made note of the aggressive timelines and cycle times. These are very 
valid points. That being said, the project team feels that we have the tools and skill sets to achieve those 
goals (as long as we do not encounter unforeseen challenges such as COVID-19). We also feel that 
pushing toward those sorts of goals will be of value for the industry. If achieved, this will illustrate that 
we can, in fact, iterate on DBTL cycles rapidly and efficiently to improve strain performance. Thank you 
again for your input and guidance in this regard. 
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DEVELOPMENT OF BACILLUS AS AN INDUSTRIAL HOST FOR THE 
MICROBIAL PRODUCTION OF BIOPOLYMERS 
ZymoChem 

PROJECT DESCRIPTION 
The overall goal of this project is to develop a B. 
licheniformis-based bioprocess for the production of 
>20 g/L γ-PGA from C5 and/or C6 sugars. Objective 
1 – Validate the utility of the  
B. licheniformis strain for production of  
γ-PGA. Objective 2 – Develop and implement 
genetic and metabolic engineering tools for 
optimizing native and non-native pathways in B. licheniformis strains. Objective 3 – Develop methods for both 
scaling γ-PGA production to 300 L and subsequently recovering pure γ-PGA. 

 

 

  

WBS: 2.3.2.213 
Presenter(s): Harshal Chokhawala 
Project Start Date: 10/01/2018 
Planned Project End Date: 09/30/2022 
Total DOE Funding: $1,666,908 
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Photo courtesy of ZymoChem 

  

COMMENTS 
• Strengths: The project seems to be efficiently managed. The team was able to identify overlapping skills 

during the project and can adapt its management structure quickly to use team members’ expertise. On 
the flip side, why were these issues not identified before the project started? The team managed to reach 
their 2x improvement in titer and rate ahead of schedule.  

• Weaknesses/areas for improvement: Given the presented information, it is not clear how much this 
project has benefited from ABF’s involvement. It is also not clear how this project can improve ABF‘s 
capability. The presentation showed very little data on their results. The amount of progress was not 
comparable to other projects in this review. Scale up to 300-L fermentation was performed, with no data 
to show how it was regarded as successful. 

• The goal of this project with ZymoChem is to use a strain of Bacillus to produce biopolymers. The 
management plan is not clear, as several tasks were at some point redistributed from ZymoChem to the 
ABF. Also unclear is the nature of ZymoChem’s contribution to this project. The ABF is tasked with 
generating synthetic biology tools for the organism, stain engineering, and scale-up. The impact on 
ZymoChem is high, as they are leveraging the ABF’s capabilities to move forward with the company’s 
objectives. The impact on the ABF is less clear. The ABF has onboarded and generated tools for a new 
Bacillus strain, but it is not clear how different this strain is when compared to other Bacillus strains 
already in the ABF portfolio. However, this is the only project presented that takes full advantage of the 
scale-up capabilities at the ABF (300-L reactor). Thus, this project could, potentially, serve as a blueprint 
for the evaluation of future DFO scale-up collaborations. 
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• The management is good: They established clear ownership, set clear expectations but allow owners of 
tasks freedom to pick their strategy, and are in frequent communications. The approach is good: The goal 
of improving titers by 4x would be very impactful, and demonstrating 2x improvements and establishing 
a non-model host and scalable processes are good steps to achieve that. The potential impact is good: 
Bacillus strains that produce biopolymers from diverse feedstocks with reduced CO2 loss would be 
impactful on the economy. However, the presenter did not clarify how the results would be shared 
publicly, if at all, so that is a weakness. The progress is excellent: they have demonstrated genetic tools, 
completed a metabolite characterization, are ahead of their 2x milestone, and ran a scale-up fermentation 
and process development of a strain at pilot level four months ahead of schedule. 

• The management structure and approach are both sound and well-conceived. The approach is solid and 
has merit to advance the state of the art and generate progress toward the BETO goals, and has the 
benefit of spanning all the way through the DBTL cycle, including pilot-scale fermentation and 
downstream processing. However, the technology is innovative mostly in its new combination of fairly 
straightforward approaches previously developed and demonstrated for other projects. The impact of the 
project, if successfully completed, will be to create a novel host organism making novel biopolymers 
with lower CO2 emissions and higher TRY. However, the four-fold targeted improvement in titer and 
rate metrics over benchmarking values seems modest, unless the benchmarking values were for a process 
that is close to commercialization. The team has made good progress and delivered good outcomes to 
date, somewhat past the halfway mark of the project duration. 

• There was a lack of information presented on this project, which skews the ability to objectively 
evaluate. The presentation lacked detailed information to such an extent that it was very challenging to 
see the value of this project. Such limited information sharing will endanger the project instead of 
benefitting it. From the presentation, it appears that there is no tangible benefit of this project to ABF. 
The project is not very well planned, and there are no clear benefits to ABF. 

• This project is a good example of the national laboratories helping a small company do work it couldn’t 
have done otherwise. Due to limitations on sharing data, it was difficult to evaluate the technical 
progress of this effort so far. Mention was made of establishing metabolomics, genome editing, and 
scale-up, but the presenter could not share what technical challenges were overcome nor any 
performance data (e.g., of the scale-up). It was not demonstrated whether the engineered strain enables 
carbon lossless conversion from feedstock. It also was not clear what specific ABF capabilities were 
invoked to enable these developments, so the impact for ABF technology demonstration was also hard to 
judge. 

• This project uses an undefined species of Bacillus that is not on the ABF list of hosts to onboard. The 
only Bacillus species on the list is B. coagulans, which is a thermophile (optimum temperature is 50°C), 
and it’s not clear how relevant work done in the Bacillus species is relevant to ABF host onboarding. 
The response to this question is that many of the tools developed for this Bacillus are applicable to other 
Firmicutes, and therefore relevant (e.g., Clostridium species). Going forward, DOE/BETO should 
prioritize work in the hosts identified by the ABF for onboarding as first priority, and second priority to 
other hosts that are related and could offer cross-development of tools. Even if some of the genetic tools 
are applicable across hosts, it is still better to focus resources on the defined host list to maximize the 
speed of developing those hosts. It wasn’t clear from the presentation if this Bacillus species has already 
been worked on at ZymoChem or was something new just started on this project. The presenter said that 
this species was screened and chosen before applying for the FOA. Is this their main chassis? It is 
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relevant to the review because after talking up their C2 technology in the slide deck, including the 
summary and impact slides, it only came out in questioning that the project team has not yet been able to 
get the C2 technology to work in Bacillus. Presumably then, this isn’t the main chassis of the company? 
This should have been addressed in the presentation, both why this strain was chosen for this project if 
it’s not the main chassis, and the fact that the C2 technology has not yet been successfully implemented 
in the species. Keep in mind that the reviewers only have the information presented in the slides. Was 
this strain chosen for reasons that help product formation or tolerance, or was it chosen because it can eat 
lignocellulosic feedstocks? Does the latter matter to the company? (There was no mention of 
lignocellulosic feedstocks on the ZymoChem website). As stated to the ABF/BETO in other reviews, the 
emphasis on requiring companies to use lignocellulosic feedstocks needs to be reevaluated. These 
feedstocks are not going to be available for at least a decade, and making companies use them only 
diverts resources from work that would be deployed more quickly if they could use standard feedstocks. 
Compromises and alternatives to satisfy BETO’s need to develop biomass feedstocks is discussed in 
other ABF reviews. The exact progress on tasks 1–4 was not clearly stated. There was a vague mention 
of “successful development of genetic tools and recombinant protein expression within the host” and  
“successfully ran scale-up of fermentation and process development of the strain at pilot level” as the 
only information on progress and outcomes. I work in industry, and I understand you can’t talk about 
everything and need to keep information private. That said, ZymoChem needs to learn from other 
companies’ examples of how to give enough data during required review periods and enough 
information to evaluate progress. For example, graphs can be unitless or names of genes labeled gene 1, 
gene 2, etc. Other presenters during this session should be good examples. The score of “3” reflects more 
the lack of information to enable an objective review than a poor prediction of the eventual outcome of 
the project. Although other companies/projects did this too, this particular presentation was the most 
egregious at being vague and also obscuring information and glossing over the work that wasn’t going 
well or wasn‘t done yet. Not only do the reviewers need that information to make a fair assessment, but 
also it reduces trust in the company presenting. This project felt more like a DFO, where the company 
gained more benefit than the ABF, which should not be the case for a FOA. 

PI RESPONSE TO REVIEWER COMMENTS 
• Thank you to all reviewers for the comments. It is well understood by ZymoChem that we need to talk 

about the data and what was achieved in more detail. We have done so for other projects and have seen 
other companies do the same for Peer Review projects. We always strive to do that. However, please 
understand that the strain, target product, and product’s end application are all currently 
business/intellectual property (IP) sensitive information, making it harder than usual to share details 
leading to the progress presented. Regarding reviewers’ comments on C2 technology demonstration in 
current strain, this is an upcoming milestone toward which we are working. As described in the Peer 
Review, we recently developed capabilities toward genetic manipulation in the strain—this is crucial to 
establish the C2 technology in this strain. We are actively working toward demonstrating this milestone. 
Based on discussions with BETO management, the team is looking into applying more sophisticated 
learn approaches to understand the moderately large amount of omics data (transcriptomics, as well as 
metabolomics) generated through this project, and subsequently guiding strain engineering strategies to 
improve strain performance. In terms of result sharing, we expect to publish results in leading journals 
once IP sensitive information is protected. 
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ADVANCED ALGAL BIOFOUNDRIES FOR THE PRODUCTION OF 
POLYURETHANE PRECURSORS 
UCSD 

PROJECT DESCRIPTION 
The primary goal of this project is to develop algae as 
a platform for the production of polyurethane 
precursors. In collaboration with ABF partners 
Pacific Northwest National Laboratory (PNNL) and 
LBNL, we will advance our algae platforms from 
their present baseline levels as laboratory-scale 
research projects (TRL2) to pilot-scale production at 
the University of California San Diego (UCSD) algae facility (TRL5). To achieve these advances, an initial 
project focus will be to develop the genetic tools and high-throughput screening technologies necessary for the 
production of polymer precursors in algae and cyanobacteria. In parallel, using metabolic modeling we will 
identify potential production bottlenecks, and then use genetic engineering to increase the production of key 
polyurethane precursors. Multiple rounds of DBTL will be used to achieve these goals. The most promising 
candidate production strains will be evaluated under industrially relevant production conditions, and data from 
these experiments will serve as inputs for TEA and LCA evaluations. Because algae can be grown 
heterotrophically or phototrophically, we will directly compare the costs of chemical production under these 
two industrially relevant conditions. To date, the project has achieved good successes creating new genetic 
tools for algae, and enhanced production of succinic acid using metabolic modeling and genetic engineering; 
we have reached our go/no-go milestone of 1 gm/L succinic acid production in algae. We have a way to go to 
achieve the FOA milestone of 20 gm/L, but our early success suggests that significant progress toward this 
goal can be met under this award. 

  

WBS: 2.3.2.216 
Presenter(s): Stephen Mayfield 
Project Start Date: 10/01/2018 
Planned Project End Date: 06/30/2022 
Total DOE Funding: $2,570,000 
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Photo courtesy of UCSD 

  

COMMENTS 
• Overall, this is extremely high-quality work, with ambitious scope and cutting-edge synthetic biology; 

all this supports the ABF’s goals and mission. The scope is appropriate for a FOA, and sharing between 
academic labs and ABF/national labs is appropriate. This work will absolutely advance the goal of 
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making renewable, biodegradable polyurethane in algae. This is in line with the goals of ABF. The 
biosensors and mass spectrometry-based high-throughput screening work was not presented. The 
presenter said that work was “not quite ready” to present, but if any work had been done, an update 
should have been given. If the work is behind schedule, that should have been brought up. The work on 
synthetic promoters and metabolic modeling for increased flux is well thought out, well executed, and 
the outcomes are promising. The project reached 1 g/L and is a “go” for further scale-up work. The 
presenter noted that they still have a long way to go to get to 20 g/L. The honesty in this simple 
statement is noted and appreciated; a lot of other FOA presentations purposefully glossed over or 
obfuscated information that was not positive. 20g/L should be the target, as you need to push to high 
titers to be industrially relevant (the presenter said likely would need 40 g/L to be industrially relevant). 
The project still has time to get to this goal and lots of leads with the promoters and modeling work. As 
stated in other reviews, the requirement to have the project use lignocellulosic biomass is not a good use 
of ABF/BETO resources and will slow down progress on successful commercialization. Biomass sugars 
are not going to be available for at least 10 years. There are ways for ABF to support BETO’s mission to 
bring biomass feedstocks to reality without requiring DFO and FOA projects to develop their platforms 
on hydrolysate. (Testing on hydrolysate to understand and benchmark differences is a good idea, but not 
develop the hosts to produce on biomass sugars.) An important question, which was debated after the 
presentation, is how the host organism fits within the ABF list of alternative hosts to onboard. This 
species is not on the list, and yet significant resources are being spent on developing it. The system fits 
into BETO’s algae work, but does it fit in ABF? This is a question for ABF/BETO to decide. Going 
forward, how much should ABF focus on onboarding and developing only organisms on the list? My 
recommendation is to focus resourcing as much as possible on the list; otherwise those efforts are going 
to slow down. However, there always needs to be discretion to consider off-list projects, if they bring 
other significant value to the ABF. However, it appeared there was a lot of benefit to the ABF with the 
metabolic flux modeling, and I’m giving the benefit of the doubt regarding biosensor work and mass 
spectrometry-based high-throughput screening; the latter should be highly applicable to other projects. 
I’d like to hear more from ABF about what benefit this project has brought to the teams. Lastly, the 
presenter said how much he appreciated the BioFoundry aspect of the ABF, and what a huge benefit it 
was to their team. ABF said they gained valuable experience running the cycles to improve the 
BioFoundry. This again brings up the question, posed in other ABF reviews, of how the ABF sees itself 
contracting these services to companies and academic labs in the future. Consider how to bring in more 
business, especially by making the contracting quick and easy with short turnaround times. 

• Strengths: The project has a clear management structure based on each party’s complementary skill sets. 
The project has characterized a large set of promoters in algae that will add to ABF’s new capability in 
engineering photosynthetic organisms. Further characterizing this library may result in new knowledge 
to our understanding of gene expression in algae, so the scientific impact is clear. The team has achieved 
their milestone of 1 g/L succinic acid production.  

• Weaknesses/areas for improvement: The final target of 20 g/L was set too high and will be challenging 
to reach because photosynthetic organisms in general have weak flux in tricarboxylic acid cycles. A 
large metabolic engineering effort may be needed to achieve this target. A plan to collaborate with or 
transfer the developed technology to industry is needed to improve this project’s impact. 

• The management of the project was not very evident to me from the presentation, but it seemed as if 
PNNL, LBNL, and UCSD were coordinating successfully. The approach of focusing on creating 
synthetic promoters utilizing machine learning and metabolic engineering tools that predict productivity 
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was sound. It was interesting to see LBNL utilized as basically a stand-alone build service for this 
project; it seemed like there may have been opportunities to better utilize the labs’ expertise, but that it 
was also valuable for the labs to test their capacity/high-throughput workflows. The impact was high: the 
project was directly connected to commercial potential by the intent to take the research to parent 
companies like Reef, and the researchers have been contacted by many shoe companies, demonstrating 
demand. The progress was somewhat mixed, with a few unexpected issues that came up that seemed 
only partly addressed, but strong results at least on the promoter front. It seems as if substantial 
optimization will be required in the next phase of this project. 

• The management structure was not entirely clear from the presentation, especially in terms of how 
progress is tracked and course-corrected with the very large number of participant organizations and 
stakeholders. However, the management appears to be working fairly well because the project has made 
good progress on many different parallel and interconnected tasks. The approach is well-conceived and 
comprehensive, going all the way from molecular biology tool development to mid-sized laboratory 
fermentations and on to TEA/LCA analyses. If successful, the project will clearly and substantially 
contribute to advancing the state of the art and making progress toward BETO goals, and the project 
includes several innovative approaches along with more traditional or straightforward approaches. In 
about 16 months, the project appears to have made substantial progress and is on track to achieve the end 
of project milestone and deliver good progress toward the overall goal of developing an algae-based 
production platform for polyurethane precursors that can be commercialized. 

• This is another good example of how the work benefits ABF overall. The project is distinct from others, 
by looking at algae as a model production organism, and ABF is able to learn from the activities and 
improve its own resource capabilities. ABF members play a pivotal role in the work, and they will 
benefit from the outcomes with new data, new tools, and a comparative capability across a multitude of 
chassis for production. The danger with this project is that ABF may quickly fall into a fee-for-service 
role, rather than helping drive technology development. ABF certainly leverages their expertise to 
inform the collaborator, but it is unclear what quantifiable metrics help ascertain success. 

• This project seeks to develop a new system for bioproduction of precursors for biodegradable 
polyurethanes. To do this, it uses the ABF’s DBTL capabilities for promoter mining and metabolic 
engineering, and pairs them with sensors, screening, and scale-up capabilities offered by academic 
collaborators, which notably includes TEA. Significantly, cost-share comes from companies a bit closer 
to end users than many other ABF collaborations. For the promoter mining, it appears that the empirical 
discovery was helpful, but it was not clear whether the machine learning that is applied to the results is 
going to be predictive. Deep learning methods are susceptible to adversarial samples, wherein random 
sequences can get high scores by chance (false positives), so the utility of the system for producing new 
promoters will need to be demonstrated. The new OptTilt approach appears to predict knock-outs that 
increase productivity, which is encouraging. This aspect would be strengthened by highlighting 
predictions that would not have been predicted via conventional optimization approaches. At this stage 
in the project, the path toward combining the improvements into a commercially viable strain still 
appears challenging, as productivities are still ~40 times lower than needed. As such, perhaps the 1 gm/L 
go/no-go should have had a higher threshold. The equations on slides 12, 13, and 15 were not presented 
in an informative way. 
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PI RESPONSE TO REVIEWER COMMENTS 
• Part of the reason that we are applying machine learning through multiple design-build-test cycles is to 

determine if this process is indeed predictive and useful for generating better promoters for use in algae 
technology. At the end of the project, we will do more targeted experiments on the best few hits from our 
promoter libraries and confirm that we did, indeed, develop improved genetic tools that can be used by 
other groups and in future projects. The risk of adversarial samples disrupting a useful generation of 
promoters is recognized. In published literature, there are examples of GAGA and GCGC repeats in 
mammalian enhancer sequences being scored as important by machine learning approaches. They are 
real DNA elements associated with enhancers, but they are structural and generally not regulatory. The 
machine learning found this pattern, but from a biological point of view, the results are not very useful. 
Overall, the reviewer is correct to say that deep learning is susceptible to adversarial examples, but 
adversarial examples are not the same as false positives or false negatives. The kind of work we’re doing 
with deep learning will definitely be susceptible to false positives/negatives because the amount and 
quality of the data is not great (relatively speaking). One way that we have overcome this is through an 
ensemble approach—using many mediocre predictors and, basically, only taking things that do well in 
all of them. We expect more false negatives this way, but it should screen out a lot of the false positives, 
which is what we care about most. We have also intentionally included positive and negative predictions 
in the synthetic promoter constructs that did not pass our sanity checks, so that the expression of these 
“edge cases” can be used to improve algorithm robustness. Collectively, especially when we compare the 
newly generated promoters to what is known about the basic biology and general sequence-function 
relationships of promoters, we are not observing concerning behavior so far. As for the productivities, 
we have passed the 1g/L go/no-go goal, which was initially set to be an order of magnitude less than the 
stated 20 g/L of the FOA and two orders of magnitude above our starting baseline productivity (50 
mg/L). Although 20 g/L is still two-fold less than what is likely market competitive, we think that a 20-
fold increase in productivity with the potential through demonstrated single improvements of an 
additional four- to eight-fold improvements over the course of two years is quite impressive and puts us 
within reach of the FOA goal.  

• The target of 20g/L was in the FOA and original project requirements. Given that we have reached 5 g/L 
already (technically 12 g/L accounting for perfusion), and this is without the additional genetic 
modification demonstrated for photosynthetic production that has provided two- to six-fold 
improvements over prior productivities, we optimistically believe that the 20g/L target is within range 
when our organism is grown mixotrophically, as also required by the FOA.  

• Yeast biosensor work for indicating chemical concentrations in the media was not presented, in part, 
because of delays related to COVID and time allotted for the presentation. Preliminary succinate 
biosensors have been generated and are undergoing optimization to provide linear responses in the 
current working range (0.5–20 g/L) while minimizing the impact of endogenous succinate. We 
understand why the reviewer brings up the topic of the requirements for ABF DFO and FOA projects to 
develop their platforms on cellulosic hydrolysate, a substrate that is not presently commercially 
available. However, if we are able to produce our product on this crude sugar stream, then we should 
easily be able to utilize the more pure sugar streams from corn starch or sugar cane sugars. We agree 
with the reviewer that it is an important question regarding whether or not to bring the host organisms 
used in this project (cyanobacteria and green algae) into the ABF. For this particular project, the scope of 
ABF tasks does not include working with these organisms directly (i.e., physically). However, the fact 
that these organisms are being actively developed by an ABF collaborator supports their relevance, and 
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this project is contributing to (at least design and fabrication of) genetic tools for these organisms (e.g., 
synthetic promoter libraries). The ABF regularly and periodically evaluates and prioritizes—with input 
from BETO and other BETO-supported consortia and programs—additional organisms to onboard and 
further develop, and the host organisms used in this project will be among those discussed in future 
prioritization meetings. In terms of benefits to the ABF, this project certainly has added to (as well as 
tested/evaluated) our capabilities regarding the iterative design, fabrication, assessment, and model 
refinement for synthetic genetic libraries (promoters in this particular case). These capabilities will 
surely be useful and applicable to future ABF projects. The reviewer’s comments regarding contractual 
issues and accessibility of ABF capabilities are addressed in the ABF’s responses to the reviewer 
comments for the ABF’s Overview, Industry Engagement & Outreach, and DFO Introduction 
presentations.  

• We recognize that there are many moving parts and many groups involved in our project. The key 
participants hold biweekly Zoom calls and actively coordinate by email as needed. Many of the 
objectives are well contained within each group’s expertise and abilities, so the work is more chunked 
out and clearly delegated than may have been obvious in the presentation. Additionally, monthly calls 
with Daniel Fishman at BETO and quarterly reports are also used to ensure progress is tracked. It’s 
unclear as to what extra levels of organization and coordination are expected or if they would obviously 
improve project progress.  

• There are situations when projects with small and focused scope are appropriate for the ABF, under an 
SPP mechanism that could be compared in some ways to a fee-for-service model. These 
services/capabilities provided by the ABF must not be available elsewhere (i.e., not available from a 
commercial vendor), and are often key enablers for small companies that lack the resources to otherwise 
obtain/recruit/operate capital-intensive expertise or infrastructure. However, most collaborative projects 
(medium to large in scope) with the ABF differ substantially from a fee-for-service model, and use a 
collaborative research and development agreement (CRADA) mechanism, in which both the ABF and 
the collaborator co-invent and co-develop. In our opinion, the ABF is in no danger of falling into a fee-
for-service role, as we are (and will continue to be) predominantly driving technology development with 
our collaborators. 
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ACCELERATING POLYKETIDE SYNTHASE ENGINEERING FOR HIGH 
TRY PRODUCTION OF BIOFUELS AND BIOPRODUCTS 
UC Berkeley 

PROJECT DESCRIPTION 
Polyketide synthase (PKS) enzymes have a modular, 
deterministic logic that holds the potential to act as a 
flexible chemical factory for the biological 
production of a huge diversity of valuable small 
molecule compounds. However, engineering a 
custom PKS to produce a specific desired product 
currently requires years of trial and error, for reasons 
that remain poorly understood. The goal of this project is to develop a rapid, high-throughput, DBTL cycle for 
PKSs and demonstrate its utility for production of materials precursors. The objectives are (1) to develop a 
rapid, high-throughput DBTL cycle for PKSs that will enable production of a large number of unnatural, 
organic molecules on demand at high TRY; (2) to demonstrate the utility of the PKS DBTL cycle to produce 
three molecules: one commodity chemical (caprolactam) and two novel materials precursors (2-
allylcaprolactam and 2-benzylcaprolactam); and (3) to demonstrate the utility of the PKS DBTL cycle to 
increase the TRY of one molecule (caprolactam).  

  

  

  

WBS: 2.5.3.207 
Presenter(s): Jay Keasling 
Project Start Date: 10/01/2019 
Planned Project End Date: 06/30/2023 
Total DOE Funding: $3,125,741 
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Photo courtesy of UC Berkeley 

  

COMMENTS 
• Overall, this is a good project. The challenge is that ABF needs better metrics to measure such success 

stories where higher research results in greater results. 

• Overall, the project is highly ambitious with development of cutting-edge synthetic biology tools. This 
project is fully in line with the ABF mission and vision, and the scope is in line with a FOA. It is good to 
see an emphasis on DBTL cycle and cycle time reduction. Slide 20 explains risks and mitigations. All 
the mitigations are essentially “build and test a lot of stuff.” Often, projects offer complicated risk 
mitigation strategies, but in reality, the idea of just increasing “shots on goal” is empirically the best way 
to succeed. The project has mechanisms to learn from the repeated cycles and what works and doesn’t 
work; but, just ensuring that a lot of different designs will be built and tested is a proven strategy for 
success. It’s good to see seamless interface with what is developed and the public ABF databases (“We 
will make our platform available for the Agile BioFoundry and others to engineer PKSs rapidly”; “We 
will release software under open-source licenses”). There is not private/public conflict like in other 
FOAs reviewed. Some tasks are completed on time, with a few very soon deadlines only 20% done. It’s 
too early to really judge the overall progress and outcomes of the project. For now, it’s tracking fairly 
typically for such a large and ambitious project. The ABF said so far they are getting lots of valuable 
information, training, and instrument expertise on the build aspect of the project. 

• The management of the program seemed excellent—each facet of the project was clearly assigned and 
played to each participant’s strengths, and they were all in frequent (at least every 2 weeks) 
communication, plus regular subteam meetings. The approach is good, thoughtfully leveraging 
technologies including ClusterCAD software, liquid handling robots, and machine learning throughout. 
The impact is good—engineering hybrid PKSs could have a substantial impact on both the healthcare 
sector and on the production of small molecules more generally. Although this research is fairly early 
stage, if successful, it could fuel significant commercialization in later years. Additionally, the intention 
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to make all results open source greatly increases the potential impact. The progress seemed good for the 
stage of the program—they built a build pipeline and tested it, and are making machine learning 
algorithms as planned. 

• The management plan and structure are clear and well-designed, with frequent communication and risk 
mitigation plans. The approach is well-conceived, innovative, and broad in scope as well as potential 
impact and applicability. The go/no-go decision points are thoughtfully chosen and will serve as valuable 
checks on the approach, management, and progress. The project leaders are commended for their end-of-
project milestones that include clear targets for accelerating the DBTL cycle time and increasing DBTL 
throughput, as well as including TRY targets for three products from cellulosic biomass. One thing that 
was not clear with regard to the impact of this project is the extent to which this future manufacturing 
platform can be used for novel commercialization of commodity chemicals; it is clear that it will be 
extremely useful for novel specialty chemicals, high-value materials, or pharmaceuticals, but the 
pathway’s maximum theoretical yield is likely to be very low, and thus the minimum production cost per 
kg is likely to be too high for commodity chemicals like nylon (which was stated to be one of the 
potential targets). It would be good to have at least a preliminary TEA to guide the choice of targets to 
pursue with this technology. The progress and outcomes are on track, and have already delivered some 
value, although there is quite a distance remaining to achieve the final milestone. 

• This effort seeks to use ABF’s capabilities to aid in enzyme mining to discover and develop PKS 
enzymes for bioproduction of caprolactam. The effort is organized in terms of developing an automated 
discovery pipeline, and then applying it to the specific target-host pair. As a side benefit, the discovery 
pipeline will be transferred to ABF once developed. The project has high potential impact, in that it 
could provide access to new classes of important molecules. However, it also incurs some risk because 
PKS can be difficult to find and to express in functional forms. In large part, the team is addressing these 
risks by brute force, by building hundreds of candidate systems. Unfortunately, they report that so far 
that only a very small fraction of the engineered PKSs function, so this approach may be insufficient. 
They mention that machine learning models will be built to predict successful PDK designs, but it was 
not possible to evaluate this progress. Indeed, noting that this is consistent with the intended scheduled, 
most of the key technical accomplishments to date fall on the side of software: designing constructs, 
pathways, and metabolic engineering targets. Experimental validation of these tools will be critical. As 
such, go/no-go gates should also include much earlier demonstrations of PKS activities and actual 
production of target end molecules. Because there has been no test or learn described so far, it would be 
helpful to get more clarity on the contributions that the ABF has made the project so far. 

PI RESPONSE TO REVIEWER COMMENTS 
• Indeed, engineering PKSs has proven extremely challenging, which is a key issue that our project aims 

to help resolve. In addition to using a brute force approach, we are informing our designs with some 
prior knowledge, such as the idea that chemical similarity can be predictive of PKS activity. Thus far the 
ABF has begun developing P. putida as a host for engineered PKSs, including engineering the precursor 
substrate pathways that will be necessary for the PKSs in this project. Additionally, the ABF has been 
developing machine learning pipelines and models that will be ready to use when the first experimental 
data from this project become available.  

• Thank you for the positive feedback on our project and mitigation strategy. Indeed, we experienced some 
laboratory equipment failures, but we were able to develop strategies to keep moving forward despite 
this.  
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• We agree that integration of TEA into our target selection process would be extremely valuable for 
choosing new targets in the future once the system is developed.  

• Thank you for your enthusiastic comments about our project and its progress.  

• We thank you for the positive feedback on our project. 
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DEVELOPING MULTI-GENE CRISPRa/i PROGRAMS TO ACCELERATE 
DBTL CYCLES IN ABF HOSTS ENGINEERED FOR CHEMICAL 
PRODUCTION 
U Washington 

PROJECT DESCRIPTION 
For industrially promising microorganisms in early 
stages of development, creating technologies for 
rapidly engineering complex multi-gene programs 
will be transformative for accelerating data-driven 
strain design. We are developing CRISPR expression 
technologies to create new abilities to activate 
bacterial gene expression, and to create platforms for 
combinatorial multi-gene expression tuning. To enable accelerated DBTL cycles, we are combining these new 
CRISPR technologies with advanced ABF capabilities for multi-omics analysis and machine learning. We are 
demonstrating the immediate applicability of these tools by rapidly improving the production of bio-based 
industrial aromatics in multiple ABF organisms. Specifically, we are (1) developing effective CRISPR gene 
activation (CRISPRa) tools, (2) engineering multi-gene, mixed CRISPRa/i programs, (3) integrating machine 
learning and computational evolutionary strategies to infer mechanistic models to drive the design of 
CRISPRa/i programs, and (4) optimizing industrial aromatic production through DBTL cycles at least 30% 
more efficient than the current state of the art. By supporting the development of new CRISPR gene expression 
tools and accelerated data-driven workflows, DOE funding is dramatically improving our ability to engineer 
bacteria for industrial chemical production.  

 

WBS: 2.5.3.212 
Presenter(s): James Carothers 
Project Start Date: 10/01/2019 
Planned Project End Date: 12/31/2022 
Total DOE Funding: $2,269,966 
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Photo courtesy of U Washington 

  

COMMENTS 
• The management of the program was very good: The division of labor among participants was logical, 

biweekly calls were conducted, and monthly tracking was underway. The approach seemed highly 
complex, and simplicity was not prioritized in the design of the program, reducing the likelihood of 
success. However, the potential impact is good despite this, especially because the tools are being 
developed for microbial hosts that ABF selected, ensuring that the commercial relevance ABF has 
considered in their selection of hosts is carried to the tools developed in this program. The additional 
emphasis on DBTL efficiency, including a measure of titer/time, makes these results generalizable. The 
progress was very good: they passed CRISPRa tools into P. putida, and demonstrated a 30% increase in 
DBTL efficiency. 

• The management plan appears to be well-conceived with respect to frequent video calls and written 
communication among participants. However, it was not entirely clear the extent to which the 
management had thought carefully about identification of risks in the technical execution and strategies 
for mitigation or course correction, or about routes for integration and feedback from related projects or 
more distant stakeholders. The go/no-go criteria and rationales help alleviate any concerns about the 
management plan. The ambitious project approach has a high level of innovation, has substantial 
potential to advance state of the art with respect to BETO goals, and is rigorously conceived. This 
approach is likely to be successful (eventually) for many of the ABF host organisms, provided sufficient 
time and resources to optimize the technology, given the gene expression modulation demonstration in 
other organisms and some prior demonstrations of the modeling approaches. The impact of success of 
this project is potentially enormous in terms of accelerating the tailoring of production strains to make 
particular products with the fermentation performance required for commercial viability. The successful 
demonstration of a multi-genic pathway balance or expression tuning for optimal performance via this 
project’s modeling and compact DNA engineering approach would be a significant advance that would 
shorten timelines and reduce development costs, despite the potential subsequent need to recapitulate the 
expression profile in a more stable, Cas9-free manner for the final manufacturing strain. The project 
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appears to have made good progress in the eight months since its inception, and the outcomes appear to 
be promising. 

• This is a good example of how ABF is leveraging newer technologies and innovative approaches to 
address biomanufacturing. The program benefits both ABF and the academic performer, and it creates 
new tools for ABF’s repertoire. The ABF management is doing a good job of organizing this project and 
tying in the appropriate groups within ABF to maximize benefit. The challenge is that ABF needs better 
metrics to measure such success stories where higher research results in greater results. More projects 
should be like this project—innovative, technology drivers. 

• This project is a high-risk/high-reward academic project with likely a long time before it could be fully 
implemented across many hosts. It is good to have a few projects like this in any portfolio, and it is 
appropriate for the ABF to fund more basic research like this, which could have a big impact. The 
impact, if successful, would dramatically reduce the DBTL cycle by simultaneously affecting many 
genes at once in a strain (over express or knock-down at the same time). This certainly would be a major 
accomplishment for any organism, which currently is limited to a single genetic change per 
transformation; the list of organisms for which multiple gene edits can be done per transformation is 
exceedingly small. The progress is mostly on time and tracking as expected for an earlier stage project 
with a lot of work still to do. My concerns for this project are the following: (1) It will require a deep 
knowledge of transcription factors for each new host in order to get the over expression constructs to 
work. That will be a tremendous amount of work, assuming you’re trying to develop organisms that are 
not closely related. For all the effort, time, resources, why not just work on getting a standard CRISPR 
system to work with multiple targets in a single transformation? Model genetic organisms can routinely 
alter three to five sites at once through CRISPR engineering. This project is one way to reach such a 
goal, but I see restrictions to the amount of overexpression you can achieve through this system, as well 
as questions of the degree of inhibiting gene expression, as opposed to a true knock-out. Again, it’s good 
to see this project as a risk mitigation to achieving multi-locus engineering directly with CRISPR, as 
long the direct CRISPR work will be resources as part of host onboarding. (2) There was a question if 
this would be used for prototyping or for manufacturing. A few thoughts on that: Any strain engineered 
for manufacturing is going to need a lot of stabile, genetic changes, way more than could be realistically 
achieved though this system. Even if this system could be optimized to routinely affect five to six loci at 
once, that is not going to be enough to engineer a strain for manufacturing. A manufacturing strain 
usually needs dozens of genetic changes. That means this system would be good for prototyping. 
However, once the gene expression space has been explored using this system, and you find the 
optimum, then you’ll need to make the changes permanent so you can do another round of CRISPR a/i 
exploration. Again, this speaks to the need to still develop tools to do multi-locus engineering directly on 
the chromosome for any host. However, this tool could certainly speed up the pace of finding expression 
levels that enhance production. (3) Finally, with regard to manufacturing, any plasmid-based system is 
almost doomed to fail in manufacturing. Selective pressure to lose the plasmid to shut down pathway 
expression is intense, and it is so easy for a cell to lose a plasmid, even with selection. (As an additional 
note, antibiotic selection is often prohibitively expensive at scale, let alone often prohibited by regulatory 
concerns.) Having a mobile element (i.e., a plasmid) with gene editing tools on it will be nearly 
impossible to get approved from regulatory agencies. It’s too easy for a selective marker to get integrated 
into the chromosome to allow the cell to kick out a plasmid, and thus the system would be highly 
unstable. 



2021 PROJECT PEER REVIEW 

 

246 AGILE BIOFOUNDRY CONSORTIUM 

• This project seeks to develop CRISPR-based transcriptional activators and repressors for new hosts, 
which is complementary to ABF’s host-onboarding program. The aim is to facilitate breadboarding to 
test changes in gene expression levels in a host without requiring from-scratch strain construction to 
explore each new hypothesis. As such, I think the end-of-project milestone of a 30% DBTL efficiency 
increase could be made more aggressive. The project has been running for less than a year, but the team 
has already demonstrated activation of five orthogonal promoters. The expression levels are represented 
relative to off-target activation, which is important, but it should also be made clear whether absolute 
activation levels are high enough to be useful for testing production scenarios. There are some early hints 
of this presented in a mevalonate production context. Activation of endogenous genes appears to be 
successful in some cases and not in others. Looking forward, there is mention of a number of learn goals, 
including defining rules to de-risk CRISPRa designs, using the Automated Recommendation Tool to 
survey the combinatorial space, and multi-omic analysis, but no progress was reported in these areas yet. 
They may be hampered by technical limitations, say, if they require a larger dynamic range than is 
accessible via the CRISPR tools or if they are easily confounded by off-target regulation. As such, early 
go/no-go decisions on these analyses will help focus efforts on the highest impact aspects of the project. 

PI RESPONSE TO REVIEWER COMMENTS 
• We agree that it will be important to use data obtained early in the project to focus later efforts on 

aspects of the work expected to have the most impact. The end-of-project milestone of a 30% DBTL 
efficiency increase was set in accordance with the DE-FOA-0002029 AOI 7b project metrics. As noted 
by the review, our recent, newly published work (https://doi.org/10.1016/j.ymben.2021.04.002) shows 
that CRISPR-based tools can produce high dynamic ranges and suggests that levels of gene expression 
necessary for metabolic engineering applications can be achieved in the ABF host Pseudomonas putida 
KT2440.  

• We appreciate the enthusiastic review of our project. We are gratified that the review recognized the 
high level of innovation in the project, found strong alignment with BETO goals, and approved of the 
overall approach. Regarding risks and mitigation, management has crafted plans to identify risks and 
pursue alternative strategies; these are detailed in the project Technical Volume and the Statement of 
Project Objectives (SOPO). We apologize if these were not made sufficiently clear in the 2021 Peer 
Review and will bring these to the fore in future presentations.  

• We appreciate the time and care the reviewer has taken in offering suggestions for maximizing the 
industrial impact of the work. In particular, these will be immensely helpful as we develop future 
research directions that build on the current project. We thank the reviewer for the positive review of the 
project. As noted in several of the reviews, we agree that this is a high-risk/high-reward project. 
Nonetheless, the rapid progress we have made thus far makes us optimistic about the overall chances for 
project success. 

  

https://doi.org/10.1016/j.ymben.2021.04.002
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ABF—Overview and Infrastructure 
ABF 

PROJECT DESCRIPTION 
The ABF is a public biomanufacturing infrastructure 
capability that increases U.S. industrial 
competitiveness in the production of biofuels and 
bioproducts and enables new opportunities for U.S. 
private sector growth in the biomanufacturing sector 
with the potential for significant commercial 
deployment and job creation. 

The Agile BioFoundry’s overall goal is to enable biorefineries to achieve 50% reductions in time to bioprocess 
scale-up compared to the current average of around 10 years. Its outcomes will include the development and 
deployment of technologies enabling commercially relevant biomanufacturing of a wide range of bioproducts 
by both new and established industrial hosts. 

  

 

  

WBS: ABF1 
Presenter(s): Nathan Hillson 
Project Start Date: 10/01/2019 
Planned Project End Date: 09/30/2022 
Total DOE Funding: $18,187,000 
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COMMENTS 
• Management of the program appears to be well thought out and executed. Communications across ABF 

seem transparent and frequent, which must be challenging given the number of participants and the 
geographic distribution, and utilization of multiple communications tools seemed strong. On approach, 
the chosen metrics for DBTL efficiency seem inadequate for capturing the complexity of the challenge, 
because wall time or capacity time can both (as I understood them) fail to identify things like resource 
dedication. Pairing those metrics with more qualitative measurements or orthogonal quantitative 
measurements would better ensure that gains are practically useful. Potential impact of improving DBTL 
efficiency is large. The beachhead concept is particularly strong in terms of approach and potential 
impact: It is a thorough model that should create lasting benefits for applications across biotech, 
regardless of trends in targets or changing markets. Progress is promising, particularly in terms of 
microbial hosts onboarded/brought up to tier 1. 

• Management: Organization and management appears clear and well organized. The various groups 
involved, despite being spread over many locations and national labs, appear to be working well together 
with good communication. Risks are clearly stated. Mitigation strategies have been implemented as best 
they can. Probably the risk that is the hardest to mitigate is predictive scale-up, and method 
transferability/reproducibility. Predictive scale-up is very hard. Make sure to focus predictive scale-up to 
classes of molecules. This might limit the current scope, but expecting predictive scale-up across a wide 
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range of molecule types is expecting too much. For example, even with a class of molecules like 
terpenes, how to ferment and purify a liquid terpene (at room temperature) is very different from the 
approaches you take to a solid terpene. How you separate and purify a polar molecule is very different 
from a hydrophobic one. Do not get too ambitious in expectations of easy transferability/reproducibility 
for a wide range of molecules. Also, because the available equipment and the location make such a huge 
impact on scale-up, it’s not hugely beneficial to the overall goals of the ABF to be highly focused on 
this. Getting really good fermentation reproducibility between two labs (one being NREL, which is at 
high elevation, for example) likely won’t contribute much when the process is eventually transferred to 
the industrial site. It would be better for ABF to focus on identifying the parameters that have the biggest 
impact on a manufacturing process; this can be done at one national lab. Once the most impactful 
parameters are known, they can be top priority to be addressed (later) at the manufacturing site and the 
capabilities there. Finally, helping scale-up appears to be the mandate of the new BioMADE consortium. 
Be clear on goals between ABF and BioMADE and do not duplicate efforts. It is ok to reduce scope in 
ABF if work is now being handled by BioMADE.  

• Approach: ABF is doing innovative, state-of-the-art work to advance the bioeconomy and synthetic 
biology, and is making America a strong leader in green tech/biotech for jobs and supporting the 
Biden/Harris administration goals. ABF is following BETO goals regarding biomass feedstocks, so this 
is a 5. However, following this directive is reducing the impact the ABF is making toward some of its 
stated goals, which lowers the impact category to 4. 

• Impact: Currently, ABF is meeting the relevant BETO program goals by requiring industry-funded 
projects to use biomass-derived feedstocks, or at least demonstrate a minimum performance on biomass 
feedstock (hence the score of 5). However, industry is not using biomass feedstocks, and won’t be for at 
least 10 years, at best. There is no commercially available biomass feedstock if anyone wanted to buy it. 
Price is always the problem, and apparently there are still major issues with process (e.g., the POET 
plant going from production back to demo/development). BETO should still be working on biomass 
feedstock, but does the ABF need to be requiring industry to use it in funded projects now? It seems 
counter to the goals of the ABF of reducing time and money to commercializing targets. Time and 
resources are being spent on activities that have no commercial relevance (for the foreseeable future). 
Making industry engineer microbes to use biomass feedstocks will almost certainly lead down a path of 
metabolism that makes using conventional sugar suboptimal, thereby further reducing the effectiveness 
of ABF’s goals and wasting resources. ABF can continue to develop new microorganisms that efficiently 
use biomass feedstocks, independently of industry-collaborated projects, in service of longer-term BETO 
biomass feedstock goals. Additionally, ABF could be doing a better job with industry outreach to make 
sure the entire field of synthetic biology is aware of the extensive resources offered by ABF (especially 
for smaller and new companies), as well as making clear that it’s possible to access ABF resources 
outside of FOAs and DFOs, which frankly do not operate on the time scales of most industries. I do not 
know how much money/work is brought in under the SPPs. This should be a significant revenue stream 
for the ABF and the national labs, which could in turn be used to fund more academic outreach funding. 
Otherwise, the impact factor is very high. The development of new microorganisms, offering a high-
throughput pipeline to the community, open-use software, and regular access to complicated and 
expensive capabilities like proteomics and metabolomics are hugely beneficial to biotech and the 
bioeconomy.  

• Progress and outcomes: Much was made during the presentation of the beachhead idea, yet no projects 
presented actually addressed this or really made use of it. Dr. Keasling explained that the beachhead 
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concept was developed in response to the previous review, and work based on those more recent funding 
opportunities that emphasized beachhead work were too new for review. Therefore, still a 5 score on this 
topic. Going forward, beachheads either need to be used in most partnered projects or the concept needs 
to be redefined/abandoned. Could create a public-facing document that explains WHY each host is 
important, and why it has been paired with that particular beachhead molecule: tricarboxylic acid, LCA, 
metabolic reasons, host reasons (e.g., known resistance to the downstream or upstream molecules’ 
toxicity). 

• Overall, the approach is very well thought out, and the management approach has several checks and 
balances to ensure tasks progress in a timely manner. Good communication channels have been 
established, and regular progress reporting keeps DOE abreast of ongoing activities. That said, the tasks 
set forth do not carry sufficient metrics to ensure that the products of this effort have a demonstrable 
impact on the biomanufacturing industry. Task 1 DBTL needs to improve metric reporting of just 
demonstrating use of the DBTL infrastructure. This task requires a customer feedback system and 
metrics to quantitatively measure improvement for industry, other than just saying companies x, y, and z 
used this infrastructure. Indicating that the DBTL automation workflows have improved two-fold is 
qualitative assessment because no metrics were given as to how that number was reached. Industry 
would never accept such an assertion without specific metrics that inform that result. Similarly, an 
assessment of transfer between hosts led to two-fold improvements in the second host is an arbitrary 
evaluation that does not hit the heart of the problem, whether the team was able to inherently reduce the 
level of investment and labor needed to transition between hosts and create measurable improvements in 
financial investments for such a transition. Overall, the metrics are insufficient for this type of effort. The 
approach is very academic focused. While transition from TRL 1 through 4 still requires fundamental 
research investments to optimize products, there was no clear indication in the management approach to 
ensure that this effort is significantly informed and shaped by industry interest and application. Most of 
the workflows focus on creating a publicly accessible resource, which is more of an academic exercise 
instead of a platform technology development approach relevant to industry. For example, target and 
host selections should primarily be informed by industry, and technology off-ramping needs to include 
industry quality control requirements. Dr. Hillson presented that one of the metrics is a 50% reduction in 
bioprocess scale-up; however, there were no metrics presented to specifically address this deliverable in 
a quantitative way (a 20-fold improvement in titers is not a valid metric). In fact, the impact statement 
was a repeat summary of set goals, not an evaluation of metric indicators toward meeting these goals; 
this issue is especially pertinent for government to be able to show that the overall effort is delivering a 
capability to the bioeconomy that is commercially viable. For the DBTL task, it was not clear how the 
learn concept feeds back into existing efforts to improve current capabilities and makes them more 
industry friendly. It was also difficult to discern how the DBTL infrastructure interfaces to share data, 
protocols, and lessons learned to create an iterative learning process. Furthermore, it was not very clear 
how this learning process informs users (specifically industry) on how to effectively use the 
infrastructure and share feedback on lessons learned from using the DBTL infrastructure. This is one of 
the top three potential challenges identified, but concept for mitigation was effectively provided. The 
management team’s focus on the Global Biofoundries Alliance is another example of an academic 
exercise that is more a distraction than a benefit to ABF. Although international partnerships are 
absolutely critical in leveraging existing resources, capabilities, and institutional knowledge, the Global 
Biofoundries Alliance is squarely focused on providing an academic resource. Most foundries are not 
financially viable and struggle with identifying a clear mission and vision justifying their existence. This 
reason is why the Global Biofoundries Alliance was created in the first place. ABF should not spend too 
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much time on Global Biofoundries Alliance and should instead focus on serving industry like it has been 
tasked with accomplishing. 

• Strengths: (1) The project has clear management plans and has efficiently implemented these plans. (2) 
Technical risks were properly identified and mitigated. (3) Developing pathways for production of 
important beachheads is very useful to shorten industrial scale-up time. (4) Excellent progresses in 
expansion of beachhead/exemplar target and the rapid host transfer of bioproduction capability have 
been made.  

• Weaknesses: (1) Better dissemination is needed of ABF’s capability, including the DBTL tools, 
developed beachheads, and onboarded strains. It is important to make these tools and strains more easily 
accessible to the public to improve ABF’s impact. (2) Actual use of beachheads by industrial partners 
needs to be seen in the coming years. 

• The Overview and Infrastructure presentation provided an introduction to the ABF and its overall 
approach in a clear and compelling manner. The focus on host onboarding and beachhead exemplars to 
develop the foundational infrastructure, testbeds, and know-how is appropriate and has the potential for 
high impact on commercialization, the national bioeconomy, and the health of our planet. The overall 
goal of moving from a current state of needing roughly 10 years and $100 MM to develop a new bio-
based manufacturing technology package to needing only 5 years and $25 MM is a terrific overall goal. 
What was not evident from the presentations is a connection between this overall goal and the tasks and 
activities undertaken. Although the tasks and activities seem generally well chosen, well defined, and 
likely to have high impact, there is a missing step in the reasoning (or at least in the presentations). It 
would be good to make the connection more apparent and rigorous. First, what are the barriers to 
shortening the timeline and cost of technology development for industrial fermentation-based 
manufacturing? For example, barriers may include things like (a) companies are choosing the wrong 
targets or the wrong microbial hosts, (b) companies are needing to develop by themselves the genetic 
tools for new hosts, (c) companies are not making use of high throughput or automation or machine 
learning sufficiently, (d) the throughput, quality, and cycle time of the DBTL cycles are inadequate, (e) 
not enough use is being made of omics data, (f) more modeling is needed to guide experiments, (g) 
downstream processing is generally done after strain development rather than in concert with it, (h) it is 
very difficult to predict strain performance or relative ranking in benchtop fermentation vessels based on 
measurement of performance in 96-well plates, etc. Second, once the key barriers are identified and 
prioritized, evaluate the extent to which the current portfolio of ABF activities addresses these barriers. 
Make a grid showing which internal ABF activities and which of the FOA/DFO awards are addressing 
each key barrier. Third, evaluate if there is good coverage throughout the grid, or if there are gaps where 
more effort is required. How can the grid be used to guide decisions on future FOA/DFO awards and 
internal ABF activities? On a more granular level, if a key barrier is insufficient functioning of the 
DBTL cycles, what aspects of the DBTL cycle improvements would give the greatest “juice for 
squeeze?” For example, DBTL cycles could be improved along several axes, including 
throughput/capacity per turn, cycle time, data quality and richness, experiment design that makes the 
data sets more well-crossed and less sparse, and greater automation to decrease headcount-related 
expenses. How is each internal activity and FOA/DFO contributing to solving one or more of the 
challenges? Is there a good match between the magnitude of the problem (or payoff expected from 
solving the problem) and the magnitude of effort? 
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• The team should be congratulated for executing the extraordinarily complex challenge of building a 
distributed capability and simultaneously seeding its adoption in industry and academia. However, 
specifically regarding the “infrastructure” aspect of the ABF, I felt that there was insufficient 
information presented to enable evaluation of ABF’s DBTL infrastructure. Rather than a high-level 
overview, there needs to instead be a clear, comprehensive presentation at Peer Review of the state of 
each individual capability. This presentation should include a quantitative description of the current state 
of each capability, a quantitative description of how it has changed or improved since the previous Peer 
Review, and uptake numbers that track how much it is being utilized internally and externally. Without 
such descriptions, there is no way to evaluate progress and relevance of the DBTL infrastructure aspect. 
This presentation should also use straightforward metrics in a form that reviewers can directly compare 
to the state of the art in companies or in the literature, and it should clarify jargon and tool names, 
because it cannot be assumed that reviewers are familiar with all of the ABF’s acronyms. Picking on 
“build” as an example, there was no quantitative summary of the ABF’s current build capabilities (such 
as in terms of assemblies per day or strains per month), nor was there quantitative information available 
on the ABF’s website. Moreover, in tabulating ABF “build” activities in FOAs and DFOs, the panel saw 
very few examples of utilization (<200 constructs), which very likely underrepresents its true uptake 
(and if it doesn’t, then that would be good to know for strategic planning as well). Such a summary, 
spanning all ABF DBTL capabilities, would also have value well beyond Peer Review for industry 
engagement, as it would make the government’s unique capabilities easy to evaluate and consider. 

PI RESPONSE TO REVIEWER COMMENTS 
• We agree with the reviewer that there was insufficient presentation time allotted for a comprehensive 

evaluation of the ABF’s DBTL infrastructure. There was simply not enough time to do this given the 
prescriptive presentation formatting and mandatory content requirements for BETO Peer Review 2021. 
Regarding the quantitative metrics referenced by the reviewer, we are making a deliberate and concerted 
effort to better track the frequencies and efficiencies of our various unit operations (using, for example, 
our Design Implementation Verification Automation [DIVA] and Experiment Data Depot [EDD] 
software platforms). Although these data were not available for this Peer Review, we should be better 
positioned to present these metrics at the next Peer Review in 2023. That said, it would be difficult to 
compare these metrics apples-to-apples to those at companies or other institutions, as there are no 
community standards (that we are aware of) for these metrics, although there are emerging efforts (e.g., 
Tom Treynor’s benchmarking initiative via SynBioBeta) in this space. Perhaps by the next Peer Review, 
this will be more feasible to accomplish. We continue to work on raising the community’s awareness of 
ABF’s capabilities, as described in the industry engagement and outreach (IEO) presentation, through for 
example our refreshed website, social media channels, scientific and technical conferences, and industry 
listening days. Awareness is but one aspect of accessibility, which also includes economic and 
contractual accessibility, which within the constraints of DOE national laboratories, we are also striving 
to improve through, for example, our DFOs and prospective collaborations between the National Science 
Foundation and DOE to specifically increase accessibility for academics who are often challenged by 
cost-share requirements.  

• We agree that we would like to see and showcase collaborators leveraging our nascent beachhead efforts 
in the coming years. We agree with the reviewer that we must be very focused and strategic in our 
choices of molecules (whether for demonstration projects, beachheads, predictive scale-up, etc.) and not 
assume that knowledge or modeling performance will always transfer well between host organisms, 
molecule classes, or processes. It is an important and ongoing research and development effort for the 
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ABF to better understand how well and how reliably we can transfer knowledge (in different domains 
across the ABF).  

• We do not agree with the reviewer’s assertion that there is little value in demonstrating process transfer 
between ABF facilities. Our reasoning is that while any given ABF facility may not be exactly 
representative of a prospective industry site, the more we understand about what is required for any 
transfer between any two facilities in general (e.g., protocol details, minimum information standards) and 
where the transfer sensitivities lie, the better. If we cannot or do not endeavor to understand such 
transfers between ABF facilities, this will likely delay and make much more difficult prospective 
transfers to industry.  

• We agree with the reviewer that understanding a given process’ sensitivities (within a single facility) is 
also important. Regarding downstream processing, including separations and purifications, the ABF 
coordinates with BETO’s Bioprocessing Separations Consortium to tackle process-oriented separations 
challenges. This allows the ABF to leverage access to experts in process design for improved industry 
relevance. We will continue to seek productive coordination and collaborations with BioMADE and are 
open to redirecting our efforts as appropriate. We do not currently anticipate down-scoping our efforts to 
understand process scale-up and transferability, as these are in the ABF’s TRL sweet spot and many 
aspects of which are at a lower level of maturity than where BioMADE is positioned. We are optimistic 
that the ABF and BioMADE will have mutually beneficial cross-entity business development activities, 
in which we refer prospective collaborators to each other as appropriate.  

• Regarding feedstock requirements, these are good considerations for our DOE EERE BETO Technology 
Managers and Leadership to deliberate. We are hopeful and optimistic that additional feedstocks (e.g., 
C1), which are demonstrably of interest to industry, can be added within an expanded scope for the ABF. 
As noted above in our response to another reviewer, we continue to apply effort to better disseminate the 
availability and improve the accessibility of ABF capabilities. As mentioned, contractual accessibility is 
one component, and SPP and CRADA mechanisms outside of the DFO process are important 
mechanisms. Although the ABF does not have many examples of fully industry-supported SPP projects, 
and (to-date) no fully industry-supported CRADA projects, we do think that these will be crucial to the 
continued sustainability and impact of the ABF. We agree with the reviewer that if collaboration partners 
do not leverage the ABF’s beachhead efforts in the coming years (after they are established, of course), 
we will need to select different beachheads or discontinue these efforts. We are currently developing our 
Host Onboarding Tool (HObT) web application, in which we will have the opportunity to better publicly 
express why each microbial host has been selected, and with which molecule categories/processes it may 
be especially well suited.  

• We agree with the reviewer that to-date, we do not have any direct support/evidence in terms of the ABF 
impacting the timeline and cost of the commercialization of a bioprocess. What we do have are leading 
indicators that we are positively impacting these commercialization efforts of our collaboration partners. 
The reviewer provides excellent examples of hypotheses (many of which we are also actively pursuing) 
of means through which the ABF can help accomplish this overall goal.  

• We fully agree with the reviewer that doing a gaps/priorities analysis is important, and as described in 
the DFO presentation, we have been tracking which capabilities (e.g., machine learning) proposers 
(whether selected for support or not) have requested, and which barriers they are applying these 
capabilities to. We will also be looking at our frequency and efficiency metrics of our various unit 
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operations to identify those that would return the greatest return on investment for further improvement 
(e.g., automation) efforts, in line with the reviewer’s suggestion. We are investigating, for example, how 
much value additional omics data sets or analysis methods add (i.e., marginal benefits analysis). As the 
reviewer mentions, we must always evaluate the (opportunity) cost/benefit relationship of prospective 
research and development efforts, and evaluate our next-best alternatives.  

• We understand that we were not successful in clearly articulating/relaying to the reviewers our definition 
of efficiency. As presented, we are using an efficiency metric that is expressed as a number of samples 
(or equivalent) per wall time per resource (scaled by clock time/cost of human and instrumentation 
resources). There are many different ways to express efficiency (and as mentioned above in response to 
another reviewer, there are emerging community benchmarking efforts that will help out here), and we 
will continue to evaluate if there are alternative versions that enable us to maximize alignment with our 
overall goal for the ABF. For example, the above definition does not speak directly to the efficiencies 
gained by the establishment of a molecular beachhead, or being able to generate the same amount of 
knowledge/predictive power with fewer samples/cycles.  

• Because the reviewer did not clearly understand what was presented in terms of our efficiency metrics, 
we understand but do not agree with statements concerning the insufficiency of the presented metrics. 
When presenting our transfer targets/tools as part of the go/no-go milestone, we did not divide out for the 
reviewers how much wall/clock time and resource requirement improvements contributed to the two-fold 
(or greater) efficiency improvement factors. We do have these numbers, which were included in our 
milestone completion report, but it is a good suggestion for future Peer Reviews that we present these 
breakdowns explicitly for the benefits of the reviewers.  

• The ABF’s efforts are informed and shaped by industry interest and application (see for example our 
IEO activities, including our IAB; as well as the many DFO and FOA collaboration project 
presentations); we strongly disagree with the reviewer’s assertion to the contrary. As discussed above, 
we do agree that we do not have evidence/data supporting the ABF’s contributions to reducing timelines 
and cost for bioprocess commercialization. As also stated above, what we do have are leading indicators 
that the ABF’s capabilities are making positive impacts (e.g., in the leading indicator example of Lygos 
increasing a titer by 20-fold).  

• We agree with the reviewer (as discussed above) that there was insufficient time to discuss and describe 
how past learnings feedback both scientifically and operationally to improve our future endeavors, and 
how these learnings are shared with our collaboration partners.  

• We do not agree with the reviewer’s assertion that the ABF should not spend time on participation on the 
Global Biofoundries Alliance. The reviewer appears to misunderstand, and as a consequence 
mischaracterizes, the Global Biofoundries Alliance, and we receive these comments accordingly. 
Although the Global Biofoundries Alliance is composed exclusively of nonprofit biofoundries, member 
biofoundries are not solely academic resources, and like the ABF, do routinely interact with and support 
industry. It is crucial that the ABF continue its participation in the Global Biofoundries Alliance, not 
only to demonstrate U.S. national leadership and have a seat at the table regarding international 
standardization efforts, but also to enhance our situational awareness of activities across the globe in 
biomanufacturing, and to leverage others’ efforts and maximize the ABF’s impact where possible. 
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ABF Industry Engagement Lab Call—Neidle Lab 
UGA 

PROJECT DESCRIPTION 
Metabolic engineering for biomanufacturing often 
involves genetic diversification followed by the 
selection of desired traits. This project sought to 
develop new methods to improve this approach. The 
key challenge is direct selection of bacteria producing 
maximal amounts of a target molecule rather than 
relying on selection for increased growth, which may 
not correlate with bioproduction. The unique genetic system of the bacterium Acinetobacter baylyi ADP1 
provides a basis for accelerated laboratory evolution (“Evolution by Amplification and Synthetic Biology,” or 
EASy). Biosensors provide a basis for high-throughput screening. The chosen target molecule, terephthalic 
acid (TPA), is a commodity chemical used to make polyethylene terephthalic acid, a polymer used in fibers, 
bottles, and packaging. Because of a large commercial demand for polyethylene terephthalic acid and its 
problematic accumulation as waste, there is strong interest in the production and degradation of TPA. To 
facilitate engineering anabolic and catabolic pathways, a TPA biosensor was developed in ADP1 by modifying 
a transcription factor from another bacterium. Furthermore, the EASy method was used to generate ADP1-
derived strains that consume TPA, revealing novel TPA transport proteins, as published in Metabolic 
Engineering in 2020. These advances lay the foundation for TPA to be degraded from plastic waste and/or 
synthesized from renewable feedstock to increase growth of the bioeconomy.  

 

  

WBS: ABF10 
Presenter(s): Ellen Neidle 
Project Start Date: 07/25/2017 
Planned Project End Date: 12/01/2020 
Total DOE Funding: $1,000,000 
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Photo courtesy of UGA 

  

COMMENTS 
• Management: Structure, collaboration, and communication among groups look good. The presenter 

stressed how the embedding of her student at a national laboratory was amazing training and very helpful 
for communication. ABF definitely needs to figure out how to help academic labs with cost-share 
requirements and simplify the CRADA process. ABF/DOE is working on this.  

• Approach: From the perspective of the ABF, it is not clear why they should be investing in development 
of Acinetobacter baylyi when it is not on the current list of hosts to develop. I’m guessing this project 
was funded before that list was generated. It’s convenient that the strain is naturally competent, but that 
does not necessarily make it an organism that should be developed. The presenter and the ABF should 
decide if there are other metabolic/physiological reasons to make this an official host target. As 
recommended in the review of the host onboarding presentation, and the overall review of the ABF, the 
ABF should focus on developing ~10–15 organisms to tier 3–4 to make them highly useful for synthetic 
biology and not do work in other organisms without a highly compelling reason. In other words, it is 
better to have 10–15 really tractable organisms than 50 organisms at tier 1 or 2. Natural competence 
makes transformation easier, but the reliance on random integration and lack of ability to target specific 
regions makes it not desirable for synthetic biology work. For these reasons, natural competence alone is 
not persuasive as an argument to continue work in A. baylyi. Frankly, I don’t see the approach of gene 
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duplication prior to mutagenesis as important at all. Evolutionarily speaking, yes, gene duplication has 
led to many new diverse activities. However, for synthetic biology, it is a red herring. If your goal is 
enzyme improvement, doing that by random whole-genome mutagenesis is highly inefficient. The ABF 
should focus on developing tools for highly efficient, targeted gene insertion and tools for high-
throughput gene (enzyme) mutagenesis and screening. The big synthetic biology companies all have 
capabilities to do site saturation mutagenesis on every single amino acid position in a gene of reasonable 
size (approximately 500 amino acids) and screen such a library in the relevant host strain in a matter of a 
few weeks. Then, follow that first round of screening by combining single improvements and testing 
combinations. This is what the ABF should be working toward achieving.  

• The presenter is absolutely correct that growth is not a good indicator of product production. That’s 
actually an understatement, as usually growth is competing with product formation, and when you select 
a strain to grow better, you usually just select for reduction in product formation. It’s very rare when you 
can link product formation to growth; in those cases, you have a very powerful tool in growth selection. 
Without that link, it’s almost always counterproductive to select for growth. The presenter acknowledged 
this and moved to the biosensor to screen for more product formation. The biosensor work was very well 
done and highly successful. The dual florescent read out for gene copy number and activity is very 
important. You need to know that higher activity is not just due to extra copies. This work has been a big 
benefit to ABF and also demonstrates a very powerful tool for the scientific community.  

• There was much discussion during the review of the high interest in biosensors to industry, and here the 
ABF can play a huge role in having the expertise to develop this technology as a resource, or spin out a 
company based on their expertise to supply biosensors to customers. As discussed among the ABF folks, 
it is important to develop external biosensors and sensors with a large dynamic range (or easily 
adjustable dynamic range) for industry; that often starts off making mg/L of product but eventually ends 
up making 50 g/L or even 100 g/L of product. It’s great ABF is working on external biosensors. Keep 
the biosensor work a high priority.  

• Impact: It’s clear why TPA is a significantly important molecule for industry and economy. As discussed 
above, the approach is not going to be as efficient at delivering impact compared to a focused enzyme 
mutagenesis and screening strategy. It’s not clear from the presentation why this host would be the best 
choice for making this molecule (score of 3). Impact of development of the biosensor was very clear and 
highly relevant to synthetic biology and furthering rapid synthetic biology development (score of 5).  

• Progress and outcomes: I’d give this a 4.5 if I could. Although I don’t see the development of  
A. baylyi as well justified, the development work on the organisms was completed as outlined in the 
original contract. The development of the biosensor was done well and resulted in papers, patents, and 
many additional requests from other lab. That is all 5. However, one of the main goals of the project, to 
develop an enzyme capable of carboxylation of benzoate to TPA, was not achieved (milestones 3 and 4). 
Creating an enzyme function where there is currently no known function is highly ambitious and risky, 
and this is in alignment with ABF’s goal to advance synthetic biology and the biomanufacturing of 
molecules. Failure in creating de novo enzyme function is common. There are whole companies 
dedicated to doing this with little proven success. However, again, the overly simplified approach 
(random whole-genome mutagenesis of multiple copies of a gene) is probably the least likely to succeed 
in such a high-risk endeavor. 
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• Strengths: The team has successfully developed a TPA biosensor, which will facilitate the screening of 
the decarboxylase for its reverse reaction and bioproduction. The combination of EASy and biosensor 
for selection using green fluorescent/red fluorescent protein ratio is a smart idea and a novel approach. 
This project also developed ADP1 as a robust microbial host for bioproduction. Satisfactory progress has 
been made by the team. This project will have higher impact than some industry teams with bigger grant 
size. Weakness/area for improvement: It will be great to see transfer of the developed technology to 
industry. 

• The goal of this project with the Neidle academic laboratory is to apply directed evolution to 
metabolically engineer Acinetobacter baylyi for the production of terephthalic acid. The project is well 
managed, with frequent calls and acknowledgement for the need to pivot as results become available. 
With respect to approach, much of the work was done by the ABF with the Neidle laboratory mostly 
providing expertise on A. baylyi genetics. This is potentially a missed opportunity as university 
collaborations could serve as a launch pad for workforce development. The impact of this project to the 
ABF has been high. The ABF has onboarded A. baylyi, and developed workflows for biosensor 
development and protein-based sensor/fluorescence activated cell sorting that are being reused within the 
ABF to generate other biosensors for other targets and made to work in other organisms besides A. 
baylyi. The project seems to have had a lower impact for the Neidle laboratory. The project was 
terminated due to go/no-go milestones not being met. Given that this is the only university-led DFO 
presented, and the fact that this was the only DFO terminated due to not meeting go/no-go milestones, it 
raises questions as to whether the current DFO model is equally serving industry and universities. This 
project may present an opportunity to conceive a different DFO strategy for universities that do not have 
staff scientists and rely on students to meet the go/no-go milestones. University-led projects could help 
the ABF fulfill BETO’s mission with regard to workforce development and inclusion goals. 

• The management of this program seems excellent: The university, NREL, and Los Alamos National 
Laboratory (LANL) are in frequent communication, the experimental plan is broken up into parts to 
reduce risk, alternatives are set up, and they are able to rapidly pivot if needed. The approach seems 
strong: They articulated the existing shortfalls of directed/adaptive evolution strategies, identified 
potential biological solutions, and prioritized efficiency and ease of use. They utilized newer tools, like 
biosensors, for biggest impact. The impact was good: The target molecule is of high commercial 
relevance, and the chassis choice, while less explicitly tied to commercial objectives, also seemed sound. 
The progress was good: They ran into some pitfalls with production, but had excellent success at 
degradation. 

• The management structure slides described most of the essential components of a good management 
structure. What was missing is a way to communicate and consult with (and learn from) those who had 
previously worked on similar types of projects, both those who have previously engineered strains to 
couple growth with product formation (e.g., Bernhard Palsson) and enzymologists who can provide 
expert insights into the key reaction in the pathway (i.e., decarboxylation and carboxylation reactions). 
The approach seems to be unnecessarily baroque. While some may consider this to reflect a high level of 
innovation, others could reasonably argue that the overall high-level goal (i.e., accelerating the 
improvement of target molecule production via harnessing evolution) can be addressed and has been 
addressed more powerfully and successfully using a simpler approach.  

• There are three concerns with this project’s approach. First, the choice of enzymatic pathway could have 
been better. Enzymatic decarboxylation is highly energetically favorable and generally considered to be 
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an irreversible reaction, and the reverse reaction (one-step enzymatic carboxylation) is extremely rare in 
nature; therefore, it is highly unlikely that an enzyme that catalyzes the reverse of the desired reaction 
(decarboxylation) will be able to catalyze the desired reaction (carboxylation); the PIs should have 
chosen a different pathway for this proof-of-concept work, where it would be easier to evolve the desired 
enzymatic function. Second, it is not clear that the DNA direct repeat expansion/contraction approach is 
necessary—it may be just a red herring, a difficult to enact trick that is unnecessary to evolve the desired 
phenotype. Why not just add two copies of each gene in different locations? Also, the instability of the 
tandem repeats has as much peril as virtue; it is not clear that evolution will often select for mutations if 
multiple (unstable) copies can provide the needed function, but if multiple copies are beneficial, one 
cannot use this as the manufacturing strain because direct repeats are unstable without continuous 
selection. Also, a hypothetical mutation that conferred a 15% improvement in activity from one of three 
copies of the same gene would overall result in only a 5% increase in total enzymatic activity in the cell, 
which may be hard to detect reliably. Third, it is not clear why the project members did not make use of 
the biosensor to select directly and continuously for higher growth in cells with higher product 
formation. Instead, the project used discontinuous selection via FACS, which is time-consuming and 
requires an expensive instrument. Why not couple the sensor to a gene that is necessary to grow, and 
whose expression level correlates positively with growth rate? Such a growth-promoting gene reporter 
would permit continuous and inexpensive selection for higher product formation.  

• If successful in achieving the overall high-level goal of improving bio-based TPA production, the project 
would have moderate impact. The TEA, LCA, and market pull for bio-based TPA production was not 
presented, so it is hard to evaluate the benefits and commercial traction of such manufacturing. Some of 
the intermediate goals and outputs will likely have beneficial impact on other activities; for example, the 
biosensors developed and perhaps the onboarding of Acinetobacter baylyi, although it was not described 
why this organism was chosen or how it provides nicely complementary advantages to the other species 
being onboarded at the ABF. Also, the insights into TPA degradation are potentially useful for material 
recycling or bioremediation, although this seemed not to be the primary motivation of the project.  

• The progress and outcome were lower than expected and projected. Two of the milestones were met, one 
was partially met, and the final one was not met. The major barrier to progress was the carboxylation 
reaction, which is a type of enzymatic reaction very rare in nature and thermodynamically unfavorable. 
Prior consultation with an enzymologist or someone with knowledge of thermodynamics would have 
dissuaded them from choosing this pathway for this technology development project; if another pathway 
had been used, the work would likely have been more successful. 

• This project seeks to leverage ABF’s ability to develop biosensors to improve a directed evolution 
approach that modulates the numbers of chromosomal copies of a gene. The original target of the 
approach was TPA production, but efforts were redirected to its degradation instead. In this pursuit, the 
collaboration was quite successful: Degradation was successfully addressed, the function of a new gene 
(the transporter) was identified, and the two-color/ratiometric enhancement of the approach was 
demonstrated. From an ABF perspective, the key importance of this adaptive laboratory evolution work 
is that it showcases the potential utility of its ability to develop novel biosensors with high specificity. It 
was not clear whether ABF intends to adopt the evolution method (EASy), as it appears that it may be 
specific to a particular host (A. baylyi) that is not immediately relevant for onboarding in a production 
context. It would also be good to understand where EASy may be more or less appropriate to employ 
than droplet adaptive laboratory evolution. 
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PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for helpful and thoughtful comments. We appreciate the acknowledgement of 

our success in developing biosensors, in engineering TPA degradation, and in discoveries related to TPA 
transport. We share enthusiasm for the importance of biosensors and will build on our success and the 
constructive suggestions provided. From the reviewer comments, it appears that we were not sufficiently 
clear in conveying the importance of the EASy methodology, of using Acinetobacter baylyi ADP1 as a 
host, and in explaining some aspects of the project. The importance of using this organism for synthetic 
biology and biomanufacturing was not the focus of our project presentation, but these topics are 
explained in publications of Neidle and colleagues (https://doi.org/10.1093/nar/gkaa167; 
https://doi.org/10.1042/EBC20200136). Similarly, the significance of the EASy methodology is more 
clearly explained in a publication from the UGA-NREL team members 
(https://doi.org/10.1073/pnas.1803745115). Briefly, while natural competence underlies many of the 
advantages of using ADP1 as a host, the benefits to synthetic biology are not solely from DNA uptake 
per se. Small linear DNA fragments appear not to be readily degraded but can serve as platforms for 
recombination with utility in high-throughput applications (https://doi.org/10.1021/acssynbio.0c00240). 
Continued development of such methodology is important both for using ADP1 as a platform organism 
and for generating portable and novel enzymes and pathways for use in other organisms. There was 
confusion as to the mutational approach we planned, and some reviewer comments inaccurately 
described our methodology. Miscommunication may have resulted from our inability to reach the stage 
of the project where mutations were to be introduced by linear DNA. Overall, this was a very ambitious 
project. With limits in time and funding, we chose to pivot and accomplish important results that could 
be completed in the allocated time frame. This pivot led to an incorrect assumption that the project was 
canceled due to not reaching milestones. The project extended for the full duration, and as noted in a 
review, “the impact to the ABF has been high.” We disagree that the project had a low impact for the 
Neidle lab; however, as the first academic project of the DFO, problematic aspects of this type of 
arrangement did become evident. Specifically, without any funding provided to the academic partner, the 
resources for cost-share and the ability to involve academic researchers and students is constrained. 
Nevertheless, all members of the team benefited from conducting this project, and the foundations have 
been laid for fruitful, ongoing collaborations. 

  

https://doi.org/10.1093/nar/gkaa167
https://doi.org/10.1042/EBC20200136
https://doi.org/10.1073/pnas.1803745115
https://doi.org/10.1021/acssynbio.0c00240
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ABF Industry Engagement Lab Call—LanzaTech 
LanzaTech 

PROJECT DESCRIPTION 
LanzaTech is a leading gas fermentation company 
with active commercial projects under development 
in Europe, Asia, and the United States. A partnership 
among LanzaTech, Argonne National Laboratory 
(ANL), and NREL proposes to develop a first-of-a-
kind analytic pipeline to support the DBTL cycle for 
continuous microbial gas fermentations. LanzaTech 
brings a truly unique historical and still growing collection of data on acetogenic organisms and gas 
fermentation, coupled to a unique experimental capability. This project will leverage statistical methods, 
metabolic modeling, and deep learning approaches that have been applied successfully in the analysis of large 
data sets from a variety of fields. These approaches will be used to fully exploit and optimize the robust 
industrial hosts developed at LanzaTech as a bioproducts platform. We will integrate these modeling, omics, 
and fermentation data into a data warehouse, and then use deep learning expertise from ANL to develop an 
“in-line” artificial-intelligence- (AI)-guided process that will monitor and adjust industrial fermentation 
conditions in real time to optimize fermentation output. Model output will be integrated with ABF EDD 
resources. The AI system will be validated in silico in this project on both LanzaTech and NREL fermentation 
data and implemented in laboratory-scale fermentation systems in future collaborations. 

 

 

WBS: ABF11 
Presenter(s): Wayne Mitchell 
Project Start Date: 07/25/2017 
Planned Project End Date: 04/30/2021 
Total DOE Funding: $1,405,000 
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Photo courtesy of LanzaTech 

  

 

COMMENTS 
• LanzaTech and the ABF have worked together to generate models that can recognize different 

fermentation states and recommend adjustments to nudge transitions to desired states. The concept is 
sound, and it addresses a challenge that needs to be addressed to help ensure the viability of gas 
fermentation processes. In addition, it is significant that this project was made possible by the 
willingness of a company to share large data sets with the ABF that it could not have accessed otherwise. 
Despite this promise, it was difficult to evaluate the technical success and practical impact of the project, 
as neither error rates nor precision-recall curves were presented. Although cross-validation was 
employed, a much more useful demonstration would have been to deploy the model during fermentation 
in real time and demonstrate state control. If successful by these metrics, this effort could set the stage 
for ABF to develop AI-based fermentation automation for other processes as well. 

• Strengths: The project goals are well-aligned with ABF’s mission. This project also contributes to ABF’s 
capability in machine learning and fermentation. The use of AI to provide fermentation surveillance and 
operation guidance is a novel and efficient approach. The team has solved multiple challenges in their 
project.  

• Weaknesses/Areas for improvement: The project lacks fundamental quantitative metrics to evaluate the 
outcome. To what percent is the current AI module able to replace human in bioreactor monitoring? 
How much has the current AI module improved the fermentation outcomes? Without these metrics, the 
impact is unknown and can be limited. The role of NREL in this project is not clear. 

• The goal of this project with LanzaTech is to develop an AI algorithm to monitor an existing industrial 
bioprocess. The management of this project is clearly defined, with identified leads as well as potential 
risks and mitigations. With respect to approach, LanzaTech provides the data while the ABF provides 
the machine learning and AI expertise. The impact of this project for LanzaTech is high, as it will 
eventually allow them to replace human-based process monitoring with AI algorithms, enabling them to 
reduce costs and optimize their bioreactor uptime. The impact of this project on the ABF is high as well, 
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as it allows them to improve their AI algorithms using industrial data, an important part of the learn 
component of the DBTL cycle. The impact of this project on the general bioindustrial field will depend 
on how general the algorithms are and whether they could be applied to other bioprocesses to optimize 
their reactor uptime. This project also allowed the ABF to work with a medium-sized company, and 
lessons learned from this interaction could potentially increase ABF collaborations with other medium-
sized companies. Progress on this project is good, and the AI is identifying trends previously identified 
only by a human operator. 

• The management of this progress described in the presentation was a bit vague, but it seemed that 
LanzaTech, ANL, and NREL are well aligned. The approach is sound: starting with 10 years of data, 
identifying a high-quality data set, applying expertise in statistical learning, and using that to address 
data infrastructure. The potential impact is high: creating an AI system that would increase the up-time 
of a bioreactor that can handle variable/chaotic off-gas inputs would help unlock a critical component of 
the circular economy. However, the impact would be significantly higher if papers or patents were 
coming out of the work, which they have not yet done and it sounds like they may not do at all, so that 
there would be more widespread commercial benefit. This downside seemed like it was outweighed by 
the benefit the labs said they got from working with a mature machine learning company. On progress, it 
was difficult to discern based on the level of detail presented, but they hit several of their milestones. 
However, they required an extension due to COVID, which is somewhat understandable, but it was not 
obvious whether that might have been avoided given the remote nature of the work. 

• There is a clear benefit to both LanzaTech and ABF. ABF got to test and refine machine learning and AI 
capabilities with very large, high-quality data sets with real-world applications. LanzaTech improved 
data capture and data storage to enable machine learning, and will benefit from the results of the work. 
When asked if the work was very specific to LanzaTech, the response was “no, the work is generalized 
and could be applicable to many other projects.” Overall, the project appears on time to finish all tasks. 
It’s not clear if the lofty ambition that the project, as it stands as of this review period, will actually result 
in clear action items for LanzaTech to simplify running the complex fermentations or reduce down time. 
Machine learning usually is harder and takes longer than anyone thinks. Still, the work was well 
executed and has made good progress. Final impact appears to be seen. ABF should look to do more 
projects like this going forward. There is not any conflict in results or impact between the private 
company and ABF; it’s a clear win for both parties. 

• This project appears to be a good example of how the interface with industry can help create new 
capabilities within ABF and allow for a pressure testing of those capabilities based on the volume of data 
generated. The approach is not novel; however, it helps ABF remain agile in developing new tools for 
data analytics. The machine learning approach can help with large data sets, especially when industry 
begins to head to larger-scale production with increased fermentation capacity. Overall, this is a good 
project, but quantifiable metrics were not clearly described. Measuring success toward reaching ABF’s 
mission will only be honestly evaluated if there are quantifiable metrics that can help interpret progress 
made toward ABF’s goals. 

• While the management approach was hard to judge, because it was not described in any detail, the 
approach is very innovative, exciting, and potentially high impact. The project has clear and immediate 
potential to positively affect current and future commercial products made by LanzaTech, and is crafted 
in a way to provide benefit to ABF/BETO/DOE by testing the hypothesis that such artificial neural 
networks can be beneficial in guiding process and genetic changes for bio-based manufacturing, and 
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depositing the computational tools and models in the ABF’s repositories. The potential impact of this 
project, if successful, is highly beneficial, and the approach may be generally applicable to many other 
fermentation-based product manufacturing needs—resulting in both short-term and long-term beneficial 
impacts. The progress to date has been on track, and intermediate benefits were described. The final 
results are greatly anticipated in the next few months to determine the overall outcome. It is not yet 
known whether the model will be able to successfully predict process and genetic modifications that 
improve fermentation performance. Even if the approach is not yet refined enough to guide performance 
improvements, the project has made good progress toward that overall goal. 

PI RESPONSE TO REVIEWER COMMENTS 
• We appreciate the reviewer’s positive assessment of the project’s concept, the challenges we address, 

and appreciation of the importance of partnerships like these enabling sharing of large data to achieve 
impactful results. Because of time constraints in the presentation, we were unable to elaborate on 
agreement of the automated approaches for steady-state fermentation states versus those identified by 
bioreactor operators. The error or “disagreement” rates in this analysis are completely under control of 
the modeler. We have judiciously chosen weightings and variability parameters in data from fermenter 
analytics to result in settings that identify 95% of the steady states indicated by subject matter experts. 
These same settings have identified additional steady states of the bioreactor that are currently being 
curated by fermentation specialists. Some were more short-lived and, thus, ignored initially. Once this 
validation is complete and we have collectively decided upon settings for the automated analyses, then 
we will be able to discuss our true error rates in more detail (when many false positives currently were 
just missed in manual evaluation) and generate precision-recall curves. Regarding the reviewer’s 
comments on reactor performance, such tasks are beyond the scope of this project, and measuring 
process improvements with specific, quantifiable metrics will be the focus of subsequent work. 

• We thank the reviewer for their positive assessment of our goal to use AI to guide gas fermentation, and 
of our progress to reach these goals while handling challenges in our project. Regarding the reviewer’s 
comments on reactor performance, such tasks are beyond the scope of this project and measuring process 
improvements with specific, quantifiable metrics will be the focus of subsequent work. The NREL 
scientists working on this project have many years of industrial fermentation experience and have scaled 
many processes from lab to bench to pilot operations. They engaged with modeling efforts and scientists 
at LanzaTech to understand and downselect the most important questions that could be addressed by 
AI/machine learning approaches and helped identify parameters from different scales of production that 
would be most influential in the automated identification of bioreactor states that signaled stable, 
maximized production. In addition, they were instrumental in understanding of transitions between non-
steady-state conditions to identify biological and process relevance. Even though NREL had the smallest 
amount of resources directed toward activities on this project, the results would not have been as 
extensive or impactful in their absence.  

• We appreciate the reviewer’s assessment of our progress and the potential impact of using large, high-
quality data sets to develop AI and ML. The reviewer sees the value of ABF/industry relationships. 
Regarding the reviewer’s critical comments, the data infrastructure work was internal to LanzaTech, and 
the model construction was generalizable. As previously stated, measuring improved reactor 
performance improvements informed by AI will be the focus of subsequent work. 

• We appreciate the reviewer’s favorable comments on the project’s clear and immediate potential to 
influence how essential products can be made with LanzaTech technology. The reviewer also pointed 
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out our progress toward our goals to predict process and genetic modification to improve fermentation 
performance. 

• We appreciate the reviewer’s positive assessment of our approach of utilizing high-quality data sets, 
teamwork for creating AI, and potential impact for gas fermentation to plug into the circular economy. 
To clarify the structure of the team, LanzaTech was responsible for data collection, curation, and clean-
up, ANL was responsible for model construction. Regarding the sharing of information gained through 
this DOE-funded research project, these protected data were produced under agreement no. DE-
EE0008500 with the U.S. Department of Energy and may not be published, disseminated, or disclosed to 
others outside the Government until five years from the date the data were produced, unless express 
written authorization is obtained from the recipient. Upon expiration of the period of protection set forth 
in this Notice, the Government shall have unlimited rights in this data. This Notice shall be marked on 
any reproduction of this data, in whole or in part.  

• We appreciate the reviewer’s favorable review of our management structure, approach with data sharing 
and AI development, and potential high impact results to reduce costs and optimize time by replacing 
human-based processes with AI algorithms.  

• We appreciate the reviewer’s comments on the productive partnering of industry and ABF to take 
advantage of large data sets and develop machine learning. Regarding the comments on quantifiable 
metrics, measuring the actual improved performance of reactors guided by AI will be the focus of 
subsequent work. Regarding the reviewer’s comments on quantifiable metrics, we agree these are 
necessary to interpret the improvement made toward ABF’s goals; improved reactor performance due to 
AI guidance will be measured in subsequent work. 
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ABF Industry Engagement Lab Call—Visolis 
Visolis 

PROJECT DESCRIPTION 
The Visolis project aims to develop an economic and 
sustainable route toward the production of 
mevalonolactone (MVL) in two novel microbes using 
waste biomass as the feedstock (sugar and 
syngas/waste gas). The two microbes will be 
engineered with proprietary genes from Visolis along 
with genetic tools optimization and the employment 
of a DBTL cycle to afford the MVL pathway. The integrated process will realize reductions in both CapEx and 
OpEx due to tolerance of low pH during fermentation, which eliminates the costly base addition and alleviates 
contamination, and improved carbon-conversion efficiency, an important objective for economic production of 
bioproducts. 

  

 

  
COMMENTS 
• Both of the strains used in this project are on the list of hosts to onboard, so all the work to make the 

strains genetically tractable are fully in line with ABF goals. The work also benefited Visolis, which is a 
small company, and the additional resources and support to engineer the nonstandard strains was 
mutually beneficial. For this project and all future projects, DBTL cycle time should be reported, and 
success should be partly judged on the reduction of DBTL cycle length. 

• In this DFO, the ABF’s capacity for onboarding new hosts is used to help Visolis produce a platform 
molecule that is key to its business. By screening several promoters, these efforts increased production in 

WBS: ABF12 
Presenter(s): Deepak Dugar 
Project Start Date: 06/03/2018 
Planned Project End Date: 01/11/2021 
Total DOE Funding: $543,000 



2021 PROJECT PEER REVIEW 

 

267 AGILE BIOFOUNDRY CONSORTIUM 

a bacterial strain nine-fold, and through a copy number edit and a gene deletion, they enabled production 
in a yeast strain at three-fold higher than target. From the Visolis perspective, this effort was very 
successful, producing a strain that could have commercial viability. From an ABF perspective, the 
utilization of its core capabilities was not well showcased, as the highlighted work came across as 
standard metabolic engineering practice that might be accessible via a typical research laboratory. 

• Strengths: The team has successfully onboarded two microbial strains Clostridium ljungdahlii and Pichia 
kudriavzeveii. A nine-fold enhancement in target molecule production was achieved in engineered C. 
ljungdahlii strain. Production in P. kudriavzeveii has resulted in three-fold higher titer than project target. 
These results demonstrate the impact of the project. Visolis efficiently used ABF’s capacity in strain 
development and metabolic engineering through this project.  

• Weakness/area for improvement: The benefit of using two strains to produce one product is not clear. If 
two different processes are needed (both aerobic and anaerobic fermentation), this approach will require 
higher capital and operation costs. 

• The goal of this project with Visolis is to engineer microbes to perform syngas fermentation for chemical 
production. With respect to approach, Visolis performs the bioreactor experiments, while the ABF 
develops tools for Clostridium ljungdahlii and engineers C. ljungdahlii and Pichia kudriavzeveii. The 
impact for Visolis is high, as this collaboration will help accelerate their time to market. The impact on 
the ABF is also high. Visolis is providing expertise in working with C. ljungdahlii and P. kudriavzeveii, 
and while the ABF is onboarding these organisms without clear delineation of whether they fit within the 
ABF’s strategic plan for organism onboarding and development (physiology, metabolism, phylogeny), 
both are non-model hosts known to be of interest to the bioindustrial community. As such, the tools 
developed by ABF for these organisms will potentially be of use for other applications. Progress on this 
project has been good, with the set-out milestones met. 

• The Visolis-ABF project appears to have been successful in achieving all of the progress and outcomes 
that were planned at the outset of the project. Successful development of genetic engineering and 
metabolic engineering tools in two historically non-model organisms will help open up and de-risk these 
organisms as future hosts for other projects, and the presentation described well the merits of these two 
organisms as hosts for particular target products. In addition, there is clear commercialization potential 
for these organisms for Visolis, and for other companies in the longer term. The project also successfully 
demonstrated proof-of-concept product formation in both organisms. While the approach is valuable and 
will enable advancements in the bio-based production arena, as described above, and is clearly relevant 
to BETO goals, it was also relatively straightforward in conception, so it doesn’t have an enormously 
high potential for innovation. Because the project appears to have been successfully completed, it can be 
inferred that the management plan and implementation strategy were well-conceived, but it is otherwise 
hard to judge the management of this project. 

  



2021 PROJECT PEER REVIEW 

 

268 AGILE BIOFOUNDRY CONSORTIUM 

ABF—Target and Host Engineering 
ABF 

PROJECT DESCRIPTION 
The Target and Host Engineering teams apply the 
DBTL tool suite available within the ABF to specific 
hosts and exemplar target molecules to improve 
TRY. Although this task focuses on host 
optimization, it also supports and leverages many 
other tasks—such as IEO, DBTL infrastructure, 
integrated analysis, HOD, and process integration and 
scale-up—and milestones (DBTL tracking, 
automation, beachheads, etc.) within the ABF. In pursuit of the TRY goals, we have further refined existing 
DBTL tools and developed new tools in cooperation with the DBTL Infrastructure team, which is essential for 
meeting our TRY-related milestones. The main hosts in this task are well-developed bacteria and fungi that 
cover a wide swath of biological diversity that have desirable industrially relevant properties and established 
genetic engineering tools. These hosts are Pseudomonas putida, Rhodosporidium toruloides, Aspergillus niger, 
and A. pseudoterreus. A dozen additional hosts are currently being brought into the ABF by the HOD team for 
future deployment in this task. In our main hosts, we have made significant advances in TRY improvements 
for several beachhead molecules (metabolic nodes leading to many potential bioproducts) and their exemplar 
target molecules. We focus on improvements in TRY, as reflected in our Annual Milestones, with the intent of 
developing broadly applicable tools that meet the variety of issues encountered in developing hosts from initial 
pathway insertion to optimization of higher TRY processes. These TRY improvements are achieved by 
applying existing DBTL tools to strain engineering and parallel bioprocess development. The integrated 
analysis and process integration and scale-up teams are crucial for focusing the research of the target/host team 
on the most impactful aspects of host development and for bioprocess development, respectively; thus, the 
work of those teams is also represented within this presentation. 
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COMMENTS 
• 60% and then 70% theoretical yield goals are highly ambitious. I agree with these goals as they will 

force progress and development faster. However, I wouldn’t see it as a failure if these were not achieved 
in the timelines. As long as cycle time is being reduced by significant margins, and steady progress is 
being made on TRY goals, that is what matters. A lot of this talk was focused on beachhead ideology, 
but there was no mention of this in further talk. Dr. Keasling explained the beachhead concept is newer 
and those projects are just underway. This is something to monitor going forward. It’s a good idea; let’s 
see how it plays out in practice. Be honest, and if in a year or two it’s not working for some reason, then 
switch gears. The emphasis on TEA and LCA is one of the highlights of the ABF and so important. I’m 
glad LCF and reducing greenhouse gas is “approved” again as a metric from DOE. As I mention in all 
other ABF reviews, the emphasis on hydrolysate as a feedstock should be part of the ABF, but not a sole 
defining requirement for all projects, microbes, and molecules. Industry doesn’t use hydrolysate and 
won’t for many years (at least a decade). Also keep in mind what is relevant and impactful to synthetic 
biology and industry today and the next 5 to 10 years. As I also write in the host-onboarding review: Do 
you need to develop filamentous fungi? That is a very difficult question. Why have people used 
filamentous fungi in industrial applications in the past? Because they already made and secreted 
molecules people wanted, so they were used to make that molecule. Within the idea of ABF/synthetic 
bio/HTP engineering, a multinucleate, multicellular organism is a nightmare and highly impractical for 
automation. Take a very objective and honest assessment of the need of filamentous fungi in the ABF. 
Do they offer something totally unique you can’t get from single-celled organisms? If yes, do the 
advantages still outweigh all the negatives of culturing and genetics? If not, then there is no strong 
justification for continuing under the ABF. I know there are labs, expertise, people, history, projects, and 
a lot of investment in filamentous fungi already. It’s so hard (nearly impossible) to cut something after so 
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much time and investment; however, it’s important to not spend valuable resources on something that is 
not in line with the ultimate goals of the ABF. This work can continue under other projects in the 
national labs, but not in the ABF.  

• P. putida work is highly impressive. The approach, impact, and progress are all very clear and exactly in 
line with ABF goals. Work on R. toruloides was also very solid with good progress. This organism isn’t 
as genetically advanced as P. putida, so progress will be a little slower. The biosensor work is of huge 
potential impact to the whole industry. There was much discussion during the review of the high interest 
in biosensors to industry, and here the ABF can play a huge role in having the expertise to develop this 
technology as a resource, or spin out a company based on their expertise to supply biosensors to 
customers. Overall, the approach and impact of the work presented is very strong. Going forward, there 
should be more clear data on the state of DBTL metrics. What was DBTL at the start of review period 
and at the end? How does this compare to goals? 

• Strengths: The TEA/LCA-guided engineering approach made the identified target/host pairs highly 
industrially relevant. Excellent technical achievements have been made on the bacteria and fungi 
projects. Satisfactory TRY metrics have been obtained, and the project is on the right track toward final 
milestones. There seem to be a large number of researchers involved in this project. Although the 
management structure is not clear, the team remains highly productive during the years.  

• Weakness: Utilization of the developed pathway or host by industry has not been demonstrated. Broader 
impacts beyond publication are expected. 

• The ABF target-host engineering team presents an extremely impressive set of accomplishments, 
utilizing a combination of their expertise and data-driven insight to optimize production of commercially 
relevant products in a number of nonstandard hosts. The presentation of the technical approach, 
management plan, and progress is extremely encouraging across target-host pairs. Aside from the 
individual successes, the nature of how they were achieved raises some questions about the tie-in to the 
ABF strategy. One question surrounds the selection and pursuit of beachheads. It is really good to see 
that the rationale for beachhead selection is backed up by case-specific TEA, process, modeling, and 
LCA, but it is unclear whether these selections are also vetted by potential industry partners. In fairness, 
some of the beachheads appear to be selected opportunistically based on projects already in flight (e.g., 
muconic acid). This bias is not intrinsically problematic, but it was not clearly presented, which gives the 
impression that the selection may be less data-driven than represented. Moreover, other than selection of 
the host, little of the reported engineering for these target-host pairs will carry over to other products 
utilizing these beachheads. The exception is the xylose-based beachhead, for which the current 
engineering optimizes the beachhead, rather than downstream biology. The second question concerns the 
connection to ABF DBTL infrastructure. The term “DBTL” is used throughout the presentation to mean 
very different operations that are often isolated, and ranging from directed evolution to strain 
construction to proteomics. This usage makes it unclear what was done to achieve these gains. More 
importantly, it causes an (unintentional) blurring between what was accomplished via unique ABF 
DBTL infrastructure versus via skilled metabolic engineering. To pick two extreme examples: First, in 
the case of aconitic acid, DBTL was used at one point to refer to a single gene deletion (cad) that 
resulted in a five-fold titer improvement. Second, no machine learning-based study was described that 
has completed its evaluation for any of these target-host pairs. (3HP is close, but from the data, it looks 
like just upregulating panD, bapad, hpdh gives the best performance.) To be sure, many insights have 
been learned from prototyping and omics data, but these insights have been gleaned using ABF’s 
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expertise, and not its learn infrastructure (e.g., ART or other tools). For project elements that are 
successful because of ABF’s unique expertise, that is laudable, and the ABF should proudly describe it 
as such. And where the successes invoke core DBTL infrastructure, such as massively parallel strain 
construction, ART, etc., then that should be highlighted differently, thereby showcasing a direct 
connection to the capability. Otherwise, it gives the incorrect impression that the ABF is using its 
expertise to cover gaps in infrastructure. 

• The goal of the target-host engineering section is to validate accelerated DBTL approaches by applying 
them to the engineering of three hosts (bacteria, yeast, filamentous fungi) to increase the carbon flux 
through key metabolic nodes (beachheads) to produce platform chemicals (exemplars). The premise of 
this section is that industry will use a host that has a high carbon flux to beachheads for further 
engineering toward a value-added chemical. The team has a clear management plan that features 
frequent communication among the personnel at the three main sites, and risk mitigation strategies that 
include collaboration with other BETO projects and industry to obtain input on beachheads. The impact 
of the host-engineering section is high, in particular the selection of host-beachhead-exemplar systems 
based on TEA data for a specific exemplar. This is a significant innovation in the field and likely to be 
adopted by groups outside the ABF to select host-target pairs. Using TEA data to guide the host-target 
selection will focus efforts on pairs with the potential to be commercially significant, with the goal of 
reducing the time required to bring a bioproduct to market. With respect to the approach, although the 
team currently has arbitrary biosynthetic performance (titers, rate, yields) targets for host-exemplar pairs, 
it will be incorporating TEA information to determine when to stop optimizing a host-target pair. This 
will increase the relevance of the host-target engineering goals. From the data presented, it was difficult 
to glean how much DBTL cycles have accelerated over the last two years, or the quantifiable impact of 
accelerated DBTL on achieving a specific biosynthetic performance metric for host-target pairs. 
Parameterizing current ABF DBTL workflows for different hosts would allow better tracking of the 
DBTL impact over time. Increased dissemination of DBTL workflows would allow industry to 
incorporate insights acquired by the ABF into their strain engineering strategies and enable the wider 
community to implement the DBTL workflows on hosts outside the ABF purview, and potentially, 
identify new DBTL challenges. Nonetheless, progress on the target-host engineering section has been 
tremendous, with multiple publications showing significant advances in the three selected target-host 
pairs. 

• The work and accomplishments have been tremendous. It was not clear who informs beachhead 
selection (i.e., industry or ABF members). There is mention that TEA/LCA, commercial/DFO interest 
influence candidate evaluation; however, this approach may cause results to provide only incremental 
improvements rather than a step-change in molecule development. The latter would be much more 
attractive to industry. Because industry often does not pursue biologically available molecules (e.g., due 
to poor TEA/LCA, level of risk, limited availability of amenable chassis), it does not mean ABF should 
discount the molecules. Instead, ABF should take more inherent risk in the technology development and 
look for more outliers, which could provide a revolutionary change in bioavailable molecules that would 
be attractive to many types of industries. ABF may also consider looking at chemically interesting 
structures, which the petrochemical/synthetic chemistry industry cannot feasibly reach. The approach, 
once again, taken by the group is heavily influenced by an academic approach to create accessibility to 
molecules. The currently employed process is labor and energy intensive and will not readily translate to 
access other molecules or exploit chassis for improved commercial viability. The critical risks that do not 
seem to be addressed are that transfer across hosts, lessons learned, and molecule production capability 
are not effectively measured. Currently it is a qualitative assessment; instead, the work stream requires 
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processes closer to industry standards with clear quantitative metrics and benchmarks. The group 
presented how moving from Pseudomonas to Rhodosporidium was relatively successful; however, it 
required additional engineering investments. It was thus difficult to discern due to lack of metrics how 
well the transition worked toward the overall mission of ABF to reduce engineering and production time. 
Furthermore, it would be of great value to provide feedback in reverse order for host transition to 
establish whether any lessons learned from the feedforward transition created any lessons for improving 
the originating strain engineering. There were, furthermore, not clear metrics on the second critical risk 
data sharing and information management. Especially with a distributed system, there need to be metrics 
for how effective this process is across facilities and staff (especially new staff). The key is that neither 
critical metric is being accurately measured, and thus it becomes inherently difficult to ascertain whether 
the overall mission of ABF to reduce production times by 50% is being met. This session had concrete 
opportunities for documenting efficiencies; however, the efforts were more academic and focused on 
showing that the transfer is possible. The tremendous effort in engineering three distinct chassis will 
certainly be helpful; however, there is a lot of overlap with other activities (e.g., Department of Defense 
Synthetic Biology for Military Environments) to create a library of chassis for production application. 
The key aspect missing from this work is to create generalizable work structures that allow the 
engineered tools to be applied across all 20 strains being documented in the HObT. There needs to be 
more effort in an industrial perspective of project management and workflow process organization to 
have greater utility for the tools developed in this process. In relationship to previous reviews, it does not 
seem that sufficient effort has been put into addressing these concerns. 

• The work described in this session is going well and making good progress, by which it can be inferred 
that the management approach is working well. However, the management appears to be distributed 
among several stakeholders, resource providers, and researchers, without a single point of accountability 
who is responsible for making the tough choices and hard prioritization decisions when they arise. This 
management by committee can lead to indecision and drift, and thus it is important to consider if there 
should be one person who is ultimately the decider or the tiebreaker for key decisions. The beachhead-
exemplar approach is a valuable way to prioritize and leverage limited development bandwidth, and it 
makes sense to match a given beachhead with a subset of the host species and understand how “portable” 
the advancements in one host are to the other hosts within the subset. The use of TEA/LCA to guide the 
choice of exemplars (and beachheads) is commendable, although as noted, it has some caveats. Some 
mention was made of including purification (post-fermentation) unit operations in the TEA, which is 
very important because sometimes the downstream processing costs represent a small fraction of the 
overall costs, and other times downstream processing accounts for up to 80% of the cost of production 
via fermentation; thus, it is critical to consider the likely or estimated downstream process when 
choosing molecule targets and setting TRY goals. Another positive feature of the approach is that the 
project teams appear to be choosing wisely from among a menu of tricks and tools for each particular 
host-target pair, rather than using a rote one-size-fits-all path. This will aid an overall goal of learning 
which approaches and tools are valuable at which stage of development for which types of target 
molecule; not all approaches/tools will be useful at all times. In addition, it is critical to include the 
people responsible for “learn” in helping to design the design-build-test experiments to tailor “learn-
friendly test experiments,” as mentioned on slide 20. Ideally, the ABF will find rigorous ways to track 
which narrow technical approaches work and which don’t (either never work or don’t work in some 
cases), and then identify, refine, and disseminate recommendations to guide the choice of technical 
approach at each phase of development across a wide array of host-target projects. This hypothetical 
recommendation engine (e.g., when to use ALE vs. biosensor vs. transporter overexpression vs. pathway 
gene expression rebalancing vs. media optimization) would, if successful, greatly accelerate strain 
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development and thus contribute greatly to the shortening of development timelines. The progress and 
outcomes illustrated by the four target-host engineering vignettes described in the presentation are 
excellent, and bode well for achieving the subsequent goals and milestones for the ABF as a whole. 

PI RESPONSE TO REVIEWER COMMENTS 
• The beachhead-target selection and implementation process was conducted using a very intentional and 

structured process involving multiple inputs, including input from industrial stakeholders. Please refer to 
our previous response for beachheads above for more details. Some beachheads, like xylonic acid, can be 
directly produced and optimized, but many others like pyrophosphate beachheads for terpene production 
(e.g., geranyl pyrophosphate) cannot be produced directly because they are toxic and therefore must be 
connected to a downstream product. However, all the beachhead strains are developed with the 
expectation that they can be modified to produce other products. Much of the TRY optimization occurs 
upstream of the beachhead, and that knowledge and specific strains can be used for development of any 
product downstream of the beachhead. Not all of our DBTL efforts are an “all caps” DBTL that use the 
full complement of the ABF capabilities, like some of our more advanced test and learn tools. We have 
many different capabilities that we can rely on, from the metabolic engineers’ knowledge, to advanced 
multi-omic and visualization in sophisticated genome-scale models, to machine learning. The specific 
capability we choose depends on the state of target-host development, the extent of knowledge we have 
of the host’s metabolism and specific dynamics of the beached-target pathway, the number of engineered 
variants we have developed, the specific complement of host-specific engineering tools that are 
available, the current level of TRY, and the resources allocated to specific target engineering effort. For 
example, within “test,” it may be appropriate to utilize routine high-performance liquid chromatography 
for screening of target molecule production early in strain development, then move on to individual omic 
analysis, like proteomics, to acquire basic knowledge around pathway performance before leveraging the 
full suite of multi-omic test analysis. We rely on the low-resource-intensity approaches first, then 
advanced resource-intensive approaches as strain optimization matures and the need arises. Machine 
learning is being used in multiple engineering efforts and will become even more prominent as we push 
upward on the TRY metrics in more advanced engineered strains where the need to identify new 
engineering targets that we have not been able to identify by traditional approaches is high. We are 
certain more success stories from machine learning will emerge soon as we push into the increasingly 
difficult end of the TRY spectrum.  

• We are fortunate to have a large, diverse, and deep team, where more than one person is an expert in 
each of the crucial skills. The introduction presented the management structure where the three ABF PIs 
(in order of presentation) are the leads of the bacterial, filamentous fungal, and yeast components of this 
work. We do interact intentionally and regularly across teams due to the many aspects of DBTL that 
translate well across these teams, and we think that is actually an indication of strong management 
structure for a distributed foundry. Regarding the comment: “utilization of the developed pathway or 
host by industry has not been demonstrated,” we note that we are still fairly early in the development of 
these target-host pairs but do in fact have an industry partner that is using a pathway developed in one of 
our ABF hosts (see DFO comment below). We are capturing intellectual property that would be 
appealing to industrial partners. Our publications are an aspect of the public mission of the ABF in terms 
of openly disseminating and enabling precompetitive scientific information. We are also forming strong 
collaborative partnerships with industry using the annual DFO, BETO FOAs, and other mechanisms to 
ensure technology transfer to industrial partners. One recently announced partnership is with C16 
Biosciences, of New York, NY, who will work with ABF labs to engineer fatty acid synthesis in the 
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ABF host Rhodosporidium toruloides to produce sustainable replacements for palm oil. This project will 
leverage knowledge, engineering tools, and the specific strain developed by the ABF for production of 
lipid-based bioproducts.  

• We agree that 60% and 70% theoretical yield goals are ambitious, and we also agree that not hitting 
them, but getting close (and getting to within goals set by TEA and LCA) is sufficient to still be deemed 
a success. In addition, we are considering developing beachhead-target specific TRY metrics that reflect 
the level where a specific beachhead or target may become industrially viable. We acknowledge that 
filamentous fungi are much more challenging from an automation perspective, but automation of high-
density plate cultures isn’t a criterion for inclusion of an organism in the ABF. In the 2019 Peer Review, 
reviewers commented: “The selection of a filamentous fungus, especially Aspergillus, is an excellent 
inclusion in the host-target development programs due to industrial relevance and as an opportunity to 
optimize a DBTL cycle.” These organisms have a huge potential, as exemplified by their successful use 
in industry to produce a number of bioproducts, a potential that we feel is worthy of investment within 
the ABF. Two filamentous fungal Aspergillus species are used by industry for production of commodity 
chemicals (citric and itaconic acids) because: they are the most productive organisms for the bioprocess 
(e.g., ~200 g/L for citric acid), and they are highly acid tolerant, thus producing the free acid at a final 
bioprocess pH below 1.0. This is very important for downstream processing as it saves an equal weight 
of off-spec gypsum by negating the need for neutralization during the bioprocess and acidification during 
downstream processing. The conidia and septate cells are mononucleate and haploid in the industrial 
base strains that we utilize, so they are quite capable of being genetically manipulated, as we presented. 
Beyond the small molecules, filamentous fungi are used for the production of many, if not most, of the 
enzymes utilized in the biomass processing area. They are extraordinarily important in the BETO 
mission area of commodity chemicals and biomass enzymes and worthy of the time investment despite 
their recalcitrance to growth in high density culture plates. In terms of the DBTL metrics, we agree that 
more quantitative metrics should be presented. We will correct this going forward, and these data will be 
a key part of our peer-reviewed publications as well, such that these data will ultimately be available for 
the community at large.  

• In terms of the management efforts, there are seven national laboratory PIs in the ABF, and three of 
those PIs (the presenters) are the ultimate decision makers leading the bacterial, filamentous fungal, and 
yeast target-host teams. Therefore, there is a single person to make hard decisions on those teams, in 
consultation with the ABF PI Nathan Hillson and the BETO Technology Manager Gayle Bentley. In 
terms of TEA and LCA, downstream processing is always considered in the overall costs, and indeed, 
downstream considerations inform host selection (e.g., low-pH compatible fungi for producing diacids). 
The TEA/LCAs are inherently modular, allowing substitution of different downstream processes (as well 
as other unit operations) where appropriate for the needs of different target/exemplar molecules. In 
addition, we are actively collaborating with the BETO Bioprocessing Separations Consortium; for 
example, one of our past milestones was sharing broth from the ABF bioprocesses for separations with 
one of the Separations Consortium teams. In terms of test and learn, we have members of the test and 
learn teams embedded in the target-host meetings to ensure that experimental design can be most 
impactful for learn and for broader DBTL activities. The suggestion of a host engineering 
recommendation engine is intriguing and something we do within the target-host teams as part of our 
planning and management practices. The DBTL tracking we are already doing will help provide the data 
needed to establish a more rigorous way of identifying which technical approaches are most effective at 
a particular phase of development and will enable us to more formally develop this recommendation 
engine. 
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• We thank the reviewers for the positive comments and constructive feedback. As discussed during the 
overview session of the ABF, metricizing the DBTL workflows is a core part of our milestones and 
overall management plan for the ABF. These DBTL metrics are being actively gathered by a point 
person on the three target-host teams, and we are increasing the automation of the metric gathering. The 
metrics are reported to central ABF management via monthly data gathering and meetings with each of 
the three main target-host teams (bacteria, filamentous fungi, yeasts). We will be reporting these 
measurement methods and DBTL improvements in peer-reviewed publications such that industry and 
others can adopt our learnings. Regarding arbitrary biosynthetic performance (titers, rate, yields) targets 
for host-exemplar pairs, we have discussed target-host specific TRY metrics and are in the process of 
determining the best approach to establish these metrics in a systematic manner.  

• In terms of who informs beachhead selection, as noted during the presentation, we rely on a variety of 
inputs from industry, the ABF technical advisory board, those gathered from the synthetic biology and 
biomass conversion communities at large (including other BETO projects, e.g., the Performance-
Advantaged Bioproducts Consortium), as well as internal input from the target-host and HOD teams 
considering the unique metabolic features of each onboarded host. There is not a single entity that we 
rely on for informing these decisions, but rather a collection of inputs from as many stakeholders as we 
can access. Once we have collected this input, we develop a justification for selecting a specific 
beachhead and exemplar molecule, which is then reviewed and approved by BETO. In terms of transfer 
of molecules between hosts, lessons learned, and molecule production capability, these are benchmarked 
quantitatively in our “transfer targets” efforts in the ABF, and at least two were noted in the presentation. 
We did spend more time describing the feedforward than the feedback information generated in the 
transfer targets work but both occurred. We will communicate these in future peer-reviewed publications 
so that the community can access these learnings. The critical data sharing and information management 
was better covered in the infrastructure presentation than it was in the target-host presentation. We agree 
that is a very important aspect of any foundry, especially a distributed foundry. The EDD forms a central 
hub for ABF data sharing and information management. Perhaps not conveyed sufficiently strongly 
during these talks, as these topics were covered elsewhere, but we stress that we are using industrial 
metrics and active project management principles to guide our work—the main thing we wished to 
convey in this particular session was the scientific progress that has been made on target-exemplar pairs. 
Design-test-learn aspects are the most translatable portions of the DBTL cycle across very diverse hosts. 
As noted in the comments here and in the host onboarding presentation, new organisms are being added, 
in part to help test and strengthen the overall DBTL workflows, especially with regard to the less 
universal aspects of build (e.g., transformation, antibiotic susceptibility, function of certain parts). 
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ABF—Host Onboarding and Development 
ABF 

PROJECT DESCRIPTION 
Non-model microorganisms often have advantageous 
physiological traits that could be leveraged for 
advanced biomanufacturing, such as the ability to 
thrive at low pH or to utilize uncommon feedstocks 
such as syngas or oligomeric sugars. However, a lack 
of genetic tools and fundamental knowledge about 
these organisms hinders strain development. The role 
of the HOD team is four-fold: (1) evaluate and select proposed hosts for use within the ABF, (2) develop 
genetic tools and data sets that allow new hosts to be used for DBTL cycles within the ABF and by outside 
stakeholders, (3) improve genetic tools for BETO “state of technology” organisms to increase DBTL cycle 
efficiency across the BETO portfolio, and (4) develop a web interface with information and data on each ABF 
organism for internal and external stakeholders. In this talk, the HOD team will discuss our strain selection 
approach and our “tier system” framework for evaluating the readiness and guiding the development of an 
organism for DBTL cycles. We will further discuss progress in host development, detailing advances in the 
development of genetic tools, synthetic biology parts, biosensors, and physiological characterization for 
diverse organisms for both ABF and “state-of-technology” organisms. Finally, we describe progress on the 
web portal for sharing host-specific information within the ABF and with the community at large. 
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COMMENTS 
• Management of the program seemed good, in that the technical coordination between the contributors 

was evident, though I think industry advisors should be better engaged, because the evidence of that was 
not very strong. On approach, the actual technical onboarding approach seemed strong. The selection of 
the hosts to onboard, however, was not strategic enough. Having academic laboratories vote means that 
these choices are subject to personal interests and does not ensure that the selections are of sufficient 
commercial relevance, particularly on the 10-year time scale. This seems like a missed opportunity to 
engage the IAB. A similar issue is true of the website: industry advisors should be more involved to 
make sure this is being built to help advance commercial objectives; the presented version seemed far 
more appropriate for academic audiences, especially because the presenter said they are not currently 
tracking use of the tool. On impact, the potential impact of positive results is obvious and enormous, 
even if it should be better informed by commercial potential. On results, having 10 hosts onboarded and 
five more in the process put the program ahead of the Q4 2021 milestone, which is particularly 
impressive given the pandemic. 

• Of all the activities in the ABF, new host development is likely one of the most important and impactful 
activities, if not the most impactful, that will come out of ABF to transform synthetic biology. It’s so 
important, yet it’s also very time-consuming, expensive, unglamorous (in eyes of investors), and hard. 
This is exactly what DOE and the national labs should be investing in. This type of infrastructure 
development is key to opening up synthetic biology and the bio-based economy to produce a huge range 
of new molecules that currently cannot be made in standard organisms. However, most companies are 
not going to invest the time and money, mostly because they cannot, even if they want to. I wish I could 
pour money and resources into this group. Overall, the project is going very well, seems well organized, 
and on track with the current goals. It’s a very ambitious, cutting-edge body of work that is being 
executed well. My comments below all fall into challenging the current approach and near-term goals, in 
the hope of strengthening this work to make it as impactful as possible.  
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• (1) My first big concern is the number of hosts and rate of tier elevation. The goals are 20 hosts chosen 
soon (15 already are) and getting them to tier 1, with slow tier raising across the board after that (2–3 
hosts elevated by one tier). It will be much better and more effective to focus on a small number of 
organisms and advance them as rapidly as possible. Industry needs tier 4. Until you get to that level, the 
organisms won’t be suitable for HTP screening. If you can’t do a library screen in the host, it’s not 
particularly useful. Having 15–20 organisms at tier 1–2 is not really helpful in any meaningful way. 
Having 3 new hosts at tier 4 is a huge win. Cover as much phenotypic space as possible in the few 
selected microorganisms, or better yet, engage a wide range of industries to ask what on the list would be 
their top 3–5 organisms that they’d be interested in using if they were at tier 4. Then focus on 1–2 new 
hosts, getting them to tier 4. As tools are developed and expertise made, ABF can either increase the 
number of strains raised to tier 4 at the same time, or keep the same number and cycle time, but tackle 
much more difficult organisms.  

• (2) I have a little concern about how phenotypes were chosen and the criteria by which microbes were 
chosen. Overall, the process and selection criteria were done well. Recommendations going forward: I 
see the ability to use hydrolysate feedstocks was a high criteria. Absolutely this should be a priority, as 
we’ll need such microbes to make hydrolysate feedstocks a feasible reality. However, by making this 
such a strong criteria, were other valuable phenotypes or microbes overlooked? Maybe only 30%–50% 
of the microbes need to be able to use hydrolysate, so there should be strong emphasis on traits industry 
sees as valuable as well. ABF should not overlook a really useful microbe because it can’t use 
hydrolysate sugars well. I can’t tell from the presentation how much industry had input on microbe traits 
for selection. How were traits chosen? How much was industry engaged to list traits important to them? 
Is there more than what is shown on slide 26? Can reviewers see the full list if that is the case for review 
purposes? For example, it’s very expensive to cool large fermentations. Organisms that operate at higher 
temperatures (35°C–40°C) have a big cost savings in industry. I don’t see that as a criterion for selection. 
What else could be important and missing from this list? A strong recommendation, if it wasn’t done, is 
to survey a wide range of industries that do industrial fermentation and ask them what traits are 
important to them, then reevaluate the list. It might be too late to change the 15 already chosen, but if 
five more need to be added, get more input, and expand the criteria list. As (a few) microbes are raised in 
tier levels, choose some that further DOE/BETO goals for hydrolysate consumption, and some that fulfill 
industry’s top criteria.  

• (3) I can’t wait for the host tool website to go live; in the meantime, however, there is no way to find out 
on the ABF website which organisms the ABF has chosen, or their tier level. Post the table on slide 31 
with a column of the tier level. That will really help with industry engagement and showing what the 
ABF is offering.  

• (4) The emphasis on portability of tools and transfer of tools among organisms is a good goal, but I 
would not emphasize this over the goal of quickly raising hosts in tier level. Of course, you don’t want to 
be reinventing the wheel every time. Instead, accept that initially there will be a lot of tool development, 
and if you focus on hosts with very different phenotypes (and therefore likely not closely related) you 
aren’t going to have much redundancy at first. As the ABF grows and develops the tools, skill, 
experience, etc., the synergy will come. It’s far more impactful to develop a smaller number of microbes 
that cover a wide diversity of phenotypes than to show you can port a tool from one organism into a 
similar organism.  
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• (5) Do you need to develop filamentous fungi? That is a very difficult question. Why have people used 
filamentous fungi in industrial applications in the past? Because they already made and secreted 
molecules people wanted, so they were used to make that molecule. Within the idea of ABF/synthetic 
bio/HTP engineering, a multinucleate, multicellular organism is a nightmare and highly impractical for 
automation. Take a very objective and honest assessment of the need of filamentous fungi in the ABF. 
Do they offer something totally unique you can’t get from single-celled organisms? If yes, do the 
advantages still outweigh all the negatives of culturing and genetics? If not, then there is no strong 
justification for continuing under the ABF. I know there are labs, expertise, people, history, projects, and 
a lot of investment in filamentous fungi already. It’s so hard (nearly impossible) to cut something after so 
much time and investment; however, it’s important to not spend valuable resources on something that is 
not in line with the ultimate goals of the ABF. This work can continue under other projects in the 
national labs, but not in ABF. 

• Overall impressive progress. 

• Strengths: The HOD team has made good progress on onboarding strains. The HObT website is going to 
be a major tool for ABF to deliver its products (onboarded strains, pathways, and genetic tools). This 
database will be a very important resource for the community.  

• Weaknesses/areas for improvement: The HObT website should include information on where the 
onboarded strains, molecular tools (plasmids, promoters, pathways, etc.) can be found (e.g., Addgene). 
The website should also include protocols and experimental details to help users to obtain consistent 
results. Current efforts are mostly focusing on low tier development (transformation tools, promoters, 
etc.). The HOD team should start focusing on aggressive tier elevation for a few strains to improve 
industrial impact. 

• The goal of the HOD section is to generate synthetic biology tools to enable the rapid engineering of 
non-model hosts for chemical production. The non-model hosts have been selected based on their 
metabolic, physiological, and phylogenetic characteristics. The premise for this work is that specific 
features of non-model hosts may help them outperform well-established biosynthetic hosts (e.g., 
Escherichia coli), resulting in higher chemical TRYs. The wider availability of synthetic biology tools 
for non-model hosts should increase the likelihood of industry adopting them, thus accelerating the 
overall time to industrial chemical production. The team has a clear management plan with leads for 
each of the onboarded hosts and frequent calls. With respect to approach, there is a clear criteria for host 
selection and onboarding based on both internal ABF expertise and external stakeholder feedback 
(industry). The team has shown that some of the synthetic biology tools are portable across organisms, 
which should (1) accelerate the onboarding of subsequent hosts and (2) reduce the cost of onboarding 
new hosts. However, it is not clear if the team has seen this trend over time. Additionally, it is not clear if 
the HOD team is taking advantage of DBTL workflows developed for other parts of the ABF, such as 
target-host engineering. The team’s milestones are centered around onboarding as many hosts as possible 
and moving a portion of them through the different development tiers, about 20 by 2022. It is worth 
analyzing the impact the already onboarded and developed non-model hosts are having on the 
community (i.e., how many hosts have been adopted by industry/academic labs outside the ABF). This 
information may provide feedback on whether the team should refocus their milestones on a narrower set 
of hosts to onboard, take particular hosts to a higher than planned developmental tier, or expand a subset 
of non-model hosts. The impact of this section is very high with a significant potential to accelerate the 
bioproduction of chemicals at industrial scale. Tracking the usage of non-model hosts outside the ABF 
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will help quantify this impact. The HObT website should help disseminate these findings even further 
and potentially leverage the wider community to develop additional synthetic biology tools for ABF 
hosts. Additionally, the HOBT website could provide protocols and workflows to develop tools for non-
model hosts that the community could replicate in order to develop tools for hosts outside the current 
scope of the ABF. Finally, progress on this section has been high, with the team onboarding more than 
10 hosts to date. 

• The HOD task is proceeding quite well and has the potential to substantially expand and accelerate the 
reach of fermentation-based bioproduct manufacturing. This is a clear example of the type of 
precompetitive technology development that government funding should support. The management 
structure seems reasonable but complex with many stakeholders and participants; while it appears to be 
working fairly well, it is not clear how critical prioritization and resourcing decisions are made, because 
there seems not to be any single point of accountability. For example, if resources are available to do 
only seven of 10 proposed tasks (where each task may be to advance capabilities in a given host species), 
how is it decided which three to cut or postpone? The approach seems well-conceived and is reasonably 
well-integrated with other parts of the ABF and BETO. Being able to have tools for genetic manipulation 
and foundational functional genetics and modeling for about 20 microbial species is potentially a game-
changer for industrial biotechnology, and will at least greatly accelerate and de-risk the expansion of 
commercially relevant feedstocks from glucose and sucrose to a wide variety of other feedstocks. In 
addition, it may be that some species function better for making certain metabolic products right “out of 
the box,” but that hypothesis has not been widely tested, and (assuming it is true) there is not a pre-
existing knowledge base to help guide the choice of host organism for a given target molecule of interest. 
The ABF will start making a map of the landscape of interactions between an array of substrates, and 
array of host species, and an array of potential fermentation products, which is very exciting. One 
concern is that 20 species may be enough, and there may be more value (post-2022) in expanding the 
tool sets and know-how for these 20 rather than expanding to 50 host species in years 7–9 (as was 
suggested on slide 6 in Hillson’s presentation). As noted above, the potential impact of this HOD task is 
enormous, and paves the way for accelerating commercialization opportunities across the country’s 
bioeconomy. There was no mention of patenting the genetic malleability tools or otherwise restricting 
access to the knowledge and protocols created by the HOD task, which is commendable. The impact of 
this work will be increased if it is not placed behind a paywall. It is a shame that some other organisms 
have greatly restricted use for industrial biotechnology because the institutions that developed tools like 
plasmids or otherwise adapted common molecular biology tools for a particular organism walled off the 
organism via broad patents. The progress and outcomes of HOD to date have been impressive and 
appropriate. The HObT online portal is a terrific idea, and it will be good to see the public unveiling later 
in 2021. It is assumed that information like that shown in the grid on slide 26 will be included in the 
HObT portal. In addition to the columns in slide 26, it would be good to include classification of species 
based on features like maximum sugar uptake rate, maximum growth rate, temperature/pH/oxygen 
dependence of growth rate, phage susceptibility, biomass yield, natively produced byproducts, 
susceptibility to overflow metabolism (like Crabtree effect), tolerance to various chemical and other 
stresses, putative or measured oxidative phosphorylation ratio, preferred glycolysis pathway (EMP vs. 
ED), metabolic source of cytosolic acetyl-CoA (e.g., pyruvate dehydrogenase PDH, PDH bypass, ATP 
citrate lyase ACL), etc. In addition, the beneficial impact of the HObT portal and the onboarded hosts 
can be expanded by also including some complex multi-objective search capabilities (e.g., “give me a list 
of species that can grow above 35°C and below pH 4, using xylose, and tolerant to monoterpenes”); even 
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better, but harder to execute, would be a decision tree that guided users to the top recommendations for 
host strains to consider for their application, based on the cumulative learnings of the ABF. 

• The HOD team describes a clear strategy for selection, onboarding, and communication of novel 
production hosts with high potential impact for DOE and external stakeholders. Their progress is 
impressive across the board, including their detailed tier-based organizational strategy, initial successes 
in tier 1 to tier 2 transitions, and their web-based tool for tracking. My only comment concerns ensuring 
industrial relevance. Though it may have been covered, it was not clear how extensively industrial 
feedback was used to select hosts. For example, it appears that some hosts are selected because of 
interest from a single company, and it is not clear whether they are of general interest. Other important 
drivers from industry might include picking hosts that use industrially relevant feedstocks, and starting 
with higher-tier organisms (e.g., starting with a tier 3 organism relevant to industry and bringing it to tier 
4). 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank all the reviewers for the positive comments. Applying the concept of DBTL across different 

organisms is not exactly the same as applying it iteratively in a single organism, but there are certainly 
parallels. For instance, libraries of plasmid origins of replication and antibiotic resistance genes that 
needed to be developed for one Bacillus species can be rapidly tested in a different Bacillus (and often 
Clostridium) species, making tool development in the second species more time- and cost-efficient. This 
contributed in part to our go/no-go milestone accomplishment. As we adapt tools like site-specific DNA 
integration systems from one organism to another, learnings from previous successes and failures 
directly inform how we go about adapting the tool to the new host. As we continue expanding genetic 
tools in different hosts, we anticipate these synergies becoming more common and apparent. Tracking 
the speed and efficiency of this process over time is an excellent suggestion. The HObT website has been 
developed to track host onboarding progress within the ABF using the tier system. However, we have 
not (yet) built in methods to determine whether or not we are achieving an acceleration factor over time. 
To that end, we will explore approaches in HObT for HOD, much as we are doing for build with the 
DIVA platform and soon for “test” in the EDD, to metricize the time and cost required to onboard and 
advance new hosts up the tier system. We also agree with the suggestion to track usage of ABF-
developed hosts outside of the ABF. How or whether this information is presented publicly will need to 
be discussed with stakeholders. The HOD team (and the ABF team overall) has often discussed the 
relative merits for breadth (lots of organisms, generally less developed) versus depth (fewer hosts, more 
development for the chosen hosts). Based on reviewer feedback and continuing internal discussions, we 
will explore reducing the emphasis on the number of new hosts to onboard and focus more on rapid tier 
elevation for a more limited number of hosts. In this scenario, we would likely still onboard new hosts, 
but the focus would only be adding phenotypic or phylogenetic diversity, and the exact number of hosts 
might cease being a milestone. Also, while industry would obviously prefer all the organisms to be tier 4, 
we believe there is still great value in getting new organisms to tier 1. For example, in one particular 
collaboration with a company, they wanted to engineer a specific organism with their favorite pathway, 
but the strain was not transformable. By developing transformation methods and gene deletion/insertion 
tools to get the strain to tier 1, we have enabled rational metabolic engineering so they can now try to 
increase TRY of their product. As pointed out by this reviewer, metrics on usage of ABF hosts by 
industry/academia will help guide HOD activity in the future.  

• Monthly HOD team meetings are held, with representatives from each of participating national labs, 
where prioritization and resourcing issues are discussed. Based on these dialogues and consultation with 
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other ABF team members, the HOD co-leads, Taraka Dale and Adam Guss, jointly make major 
decisions on project direction. In the event that a consensus could not be reached on some issue, the 
overall project PI Nathan Hillson would make the final decision, in consultation with the BETO 
Technology Manager Gayle Bentley. We agree that there is value both in having both breadth of 
organisms and depth of tools for a subset of organisms. As discussed in greater depth in the response to 
reviewer 1, going forward we will explore placing a larger emphasis on rapidly advancing a subset of 
organisms up in tier levels, and we will consider changing the target number of hosts. We have been 
populating the HObT with basic strain attributes such as gross phenotype, Bio Safety Level 1 or GRAS 
status, substrate range, etc. However, the specific suggestions listed above are excellent and greatly 
expand the scope and value of information that we could provide in this section, some of which we have 
previously captured in our “user stories” that we are using to guide HObT feature development. We will 
actively pursue adopting these suggestions. We envision this tool will become a major resource for labs 
that work with, or want to work with, any of the ABF organisms, having a collection of protocols, 
sequences of validated genetic parts, strains, links to data sets, etc. We also plan track internal and 
external usage of HObT as one way of quantifying impact.  

• Plans to greatly expand the information available within HObT are underway, including locations for 
existing tools, sequences, protocols, etc. We also plan to link HObT to the ABF’s EDD, the repository of 
experimental data and metadata for the ABF. As discussed in the responses to reviewers 1 and 2, we are 
reevaluating the relative merits of onboarding many organisms to tier 1 versus advancing fewer, select 
organisms further up the tier ladder. Consistent with the reviewer suggestions, we may shift to a greater 
focus on tier elevation to levels 3 and 4.  

• Thank you for the strong words of encouragement; it is nice to know that our work is appreciated. As 
discussed in our responses to reviewers 1–3, we will explore decreasing emphasis on onboarding a 
specific number of new hosts, in favor of prioritizing tier elevation for a smaller number of select hosts. 
For host selection, especially at the beginning of the project, one major criterion was the ability to use 
hydrolysate sugars. However, we have also onboarded organisms that can grow on alternate feedstocks 
such as H2 + CO2 aerobically and anaerobically, and we are also onboarding organisms capable of 
growth on C1 compounds. One organism is a moderate thermophile, growing up to 55°C. Other traits we 
have prioritized (or plan to prioritize) include tolerance to pH extremes and salinity. For industrial 
engagement, we engage with industry in multiple ways. First, we collaborate with industry via FOAs and 
DFOs. Many of these joint projects have host onboarding components, where the company tells us 
specifically what organism(s) they would like developed, and we work together to develop the host and 
advance in tiers. Frequently, these hosts and tools are then made available for use within the ABF, or the 
genetic parts can be used in related organisms. We also engage with industry via the IEO team, the IAB, 
and through informal conversations. Company representatives have typically been reluctant to give 
direct answers on the organisms that they would like to see developed, and only occasionally shared 
phenotypes that they might like to see developed (e.g., use of C1 feedstocks or robust protein secretion). 
Having said that, we are often asked to provide more detail on host selection criteria and how, and to 
what extent, industry consultation influenced this process. Based on your suggestions, we will explore 
ways of condensing and presenting the results of industry input into the host selection process. We will 
continue to engage with industry to develop the best hosts for biomanufacturing. For filamentous fungi, 
they have indeed been used in industry due to their native abilities, such as the ability to secrete citric 
acid. However, they also have useful phenotypes beyond natural production. They are able to tolerate 
low pH, making them strong candidates for producing organic acids. Their filamentous nature, while 
cumbersome for HTP engineering, also provides advantages during cell retention for continuous 
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bioprocessing. But the point is still a good one—that we should be developing organisms because they 
are the most important organisms, and not only because we have worked with them historically. We will 
keep this in mind as we continue to evaluate our portfolio of organisms for use in the ABF.  

• As noted primarily in the response to reviewer 4, we engage with industry in multiple ways and solicit 
feedback on what they would find most valuable. Primarily, we try to develop hosts that we think will be 
of broad interest to stakeholders. In addition, some hosts are being developed in direct collaboration with 
a particular company via competitively funded grant proposals. In these scenarios, we do still try to make 
the organism, or at least the developed tools, available to the community. Based on the suggestions of the 
reviewers, we will explore ways of more clearly presenting the results of industry input into the host 
selection process.  

• As noted primarily in the response to reviewer 4, we routinely engage with the IAB and other industrial 
stakeholders seeking feedback on choices and progress. On the strategic choice of hosts, we did put 
considerable weight on industry input and believe that our current list of organisms will be impactful. 
We did select some organisms that we have previous experience with, but in those cases, the organisms 
were still selected for specific reasons related to industrial relevance, such as feedstock range, pH range, 
robustness, and/or production of beachhead molecules. Many other organisms used at the national labs 
were not selected because we do not think they have as much commercial potential as the ones we 
selected. As part of the host onboarding process, we also brought in several organisms with which we 
had little or no previous experience, again because they had traits that we thought were particularly 
relevant for industry. However, it is obvious from several reviewers’ comments that we need to better 
communicate how industry input is utilized for host selection and development. We will explore ways of 
better presenting the results of industry input into the host selection process. 
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ABF—Industry Outreach 
ABF 

PROJECT DESCRIPTION 
The objective of the ABF is to develop infrastructure 
to support industrial biotechnology, and 
understanding the needs of the industry is critical to 
achieving this goal. In support of this, the ABF IEO 
team organizes and facilitates interactions with 
industry, providing feedback from the industry 
stakeholder community to the ABF and BETO that 
supports decision-making and project planning. The 
activities of the team also aim to increase the visibility of the ABF and attract collaborators from academic and 
industrial communities. The goals of this task are accomplished through the workings of three highly 
interwoven strategic focus areas (SFAs; Assessment, Outreach, and Interactions). For the Assessment SFA, an 
Energy I-Corps approach is used to understand the needs of the biomanufacturing industry by interviewing and 
surveying its members. In the Outreach SFA, members work to manage the ABF public profile and 
disseminate ABF information and resources to industrial, academic, governmental, and public stakeholders. 
For the Interactions SFA, the main goal is the coordination of community-building activities. This includes 
Industry Days and workshops to ensure research effectiveness and industry responsiveness. This SFA also 
facilitates interactions with the IAB. The IEO team collectively plans panels and sessions at key industry 
conferences. Overall, the IEO task contributes to the alignment of ABF activities with BETO’s milestones and 
facilitates communication of the ABF value proposition to key stakeholders in industry, R&D organizations, 
and the public. 

  

WBS: ABF4 
Presenter(s): Christopher Johnson; Phil 

Laible 
Project Start Date: 10/01/2019 
Planned Project End Date: 09/30/2022 
Total DOE Funding: $1,080,000 
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COMMENTS 
• ABF has established a comprehensive program for IEO that comprises a portfolio of diverse forms of 

engagement and evaluation. These are the right types of activities for ABF to pursue to maintain 
awareness and to cultivate partnerships, and they appear to be progressing well. However, based on the 
presented material, as well as review of the public ABF website, funding activities should be shifted to 
place a much greater emphasis on ABF capabilities, from both an outbound and an inbound perspective. 
For outbound-oriented activities, more clarity is needed in communicating the portfolio of capabilities to 
industry in technical terms and with quantifiable metrics. (For example: If my company needs to build 
100 yeast strains in the next two months, is this an appropriate project to work with the ABF? What if 
the number is 1,000 strains? What if I need to run proteomics on all of them? etc.) On the inbound side, 
IEO should solicit explicit feedback from industry on specific capabilities in order to guide the 
prioritization of ABF technology development, based on interest. This will help ensure that ABF’s 
DBTL capabilities appropriately anticipate and serve industry’s needs. One additional comment: For 
understandable reasons, IEO cannot share responses to its one-on-one interviews. However, an 
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appropriately anonymized public summary report would be of broad interest and would have substantial 
impact. 

• As stated in intro slides: “Tremendous opportunity to learn how to increase success rate of relatively 
infant biomanufacturing industry” and “Foundry succeeds only as industry is engaged and adopts 
resulting technologies.” The importance of these two statements cannot be overstated. It’s clear there 
have been a lot more effort, resources, and organization put into industry outreach since the start of the 
ABF. The outreach efforts could be expanded/enhanced. Social media is a necessity, but I don’t see it 
reaching the right people to bring in industry partners. Conferences normally would be highly effective, 
but in COVID times it is really hurting outreach by not having in-person conferences. Interviews and 
surveys are also good tools, but still seem to be falling short. I would bet most biotech companies really 
don’t understand what the ABF is capable of providing. Are there regular newsletters/press releases sent 
to heads of departments for biotech companies? Is the distribution list only people who have signed up? 
I’d troll databases to come up with a long list of key people at a wide range of companies and spam a 
regular newsletter at them. The presentation listed a “fact sheet with active distribution.” I’d like to know 
more about this. There needs to be discussion and decisions made soon about whether 
ABF/DOE/national labs want to turn the capabilities being developed into a service for the community at 
large. What is the vision for the ABF to do more small, routine, higher-volume requests such as DNA 
design and synthesis? I see this as something a lot of labs and small companies would love to access, and 
that really serves a need that would dramatically speed learning and development across synthetic bio. 
The point of a BioFoundry is a service capability. It doesn’t make sense to limit the capabilities only to 
large FOA, DFO, and CRADA projects. How easy is it really for industry to access these capabilities 
(easy in time and red tape)? It says on the website six-week turnaround, but that is once work starts. How 
long does it usually take to get an SPP in place? That wasn’t clear in the presentation. Usually, you can 
get a contract in place with a contract research organization in a few weeks (~1 month). That should be 
the goal to sign up new industry contracts for small bodies of work. Presumably there is no cost share 
with a SPP? It is industry paying for a service? These feel the most straightforward to me, and likely the 
most attractive to industry (a contract research organization model), but they are hardly explained on the 
website. It’s really not clear to me how much the broader synthetic bio community is aware of all the 
capabilities being developed in the ABF. The proteomics and metabolomics work is also highly 
attractive, as most small companies and labs do not have access to that kind of infrastructure. Lastly, it is 
only fair that industry shares in responsibility for informing the ABF. The ABF outreach team is only as 
good as the industry partners they are engaging with. I know it is hard to find people to be on review 
panels and give their time. However, if ABF is not getting much feedback from their current industry 
review days, ditch the people who do not speak up and keep looking for people who do contribute. 
Probably 50% of the work of this team is finding people who will engage, and that is time well spent. 

• It does not seem that the return on investment is benefitting ABF as a whole. For example, the response 
rate of 25% is quite low for interviews. It seems that not enough information is getting out about the 
benefits of ABF for industry, thus industry perceives this effort, the ABF, as redundant or excessive? 
This issue is a communication problem. It also does not seem that any feedback from industry 
engagement is feeding back into management or projects to help improve the customer experience. You 
will want to convince industry that a low-cost interaction with the communications team could result in 
financial benefits in more customer specific product development, industry-oriented tools to fill existing 
gaps, and disruptive research activities to develop step change technologies for industry to improve their 
commercial viability. The metrics for measuring success are very vague. The team may consider more 
detailed metrics that provide ABF specific customer information, demographics to understand what 
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ABF’s customer base looks like. Customer metrics are everything! Although the product area appears 
niche, the application space expands well beyond the bioindustrial manufacturing and commercial 
energy sector, thus a broader audience should be considered for engagement. Leveraging Manufacturing 
USA, DoD Manufacturing Technology Network, etc., will help make that happen more effectively. Also, 
instead of seeking input, it might be worth exploring how to communicate better outwardly in addition to 
having an actively engaging website. Communicating the vision, the mission, and the benefits to industry 
would certainly get more engagement, if done appropriately. 

• Overall, the IEO approach, plans, and progress have been well-conceived and successful. The updated 
website with videos (also posted on YouTube) is very helpful and clear. The regular postings on 
LinkedIn and Twitter have the ability to draw attention of new companies and individuals, along with the 
other industry outreach and conference attendance. The responses to previous reviewers’ comments in 
the slide deck was very helpful to understand more about the structure, plans, milestones, and 
management of the IEO. One metric that could be used to judge the effectiveness of the IEO (although 
this is also affected by other factors outside IEO control) is to compare the number or total proposed cost 
of applications to FOA and DFO to the number or total cost of awarded applications to FOA and DFO. If 
outreach is effective, then the demand will far outstrip supply, which will enable the award committee to 
be very selective in choosing the applications with the very highest merit or very best fit to what the 
ABF needs to develop next to round out its offerings or shape them in the most beneficial way. In the 
DFO intro slides, it said that there was a four-fold oversubscription or overdemand relative to the award 
money available, which seems like a good number to target. One potential concern is that it seems that 
some companies are receiving multiple awards—it would be good to hear what ABF thinks about the 
relative merits of impacting a larger array of companies versus multiple awards to some companies. 

• Strengths: The IEO team has made multiple efforts to deliver their outcomes. The “one-to-one” 
interview is an efficient approach to engage industry partners. The website has a clear introduction of 
ABF’s capabilities.  

• Weaknesses/areas for improvement: The new website should clearly list ABF’s achievements in the past 
years (such as reduced DBTL cycles). It should also include resources that ABF has made available to 
industry and the scientific community, including available tools, strains, beachheads. If there is a 
separate webpage/database for strains and DNA, the link should be provided on the ABF’s main 
webpage. The overall goal is to make ABF’s products more accessible to enhance its impact. The IEO 
team should consider developing a method to evaluate the ABF’s impact to both scientific community 
and industry—for example, performing some search to monitor how many time tools, strains, and 
beachheads developed by ABF have been used in both scientific research and industry. 

• The goal of the IEO section is to (1) understand the needs of the biomanufacturing industry, (2) facilitate 
collaborations between industry and the ABF, and (3) disseminate ABF findings to external 
shareholders. Areas of needed improvement for the IEO section include development of a clear 
management plan, quantifiable metrics for success, and identification of clear risks and mitigation 
strategies. The comparative lack of refinement of the IEO section may be due to its late inception. 
However, the success of IEO is so important to the overall impact of the ABF that more planning, 
refinement, integration with other sections, and resources should be devoted to this section to achieve the 
full potential impact of the ABF. IEO needs specific goals and metrics to define success, without which 
it is difficult to judge its approach, impact, and progress. Evaluation was also hampered by a lack of 
clarity on the size of the companies interviewed by IEO, their location in the chemical supply chain, and 
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the industry segment they serve. Regardless, the number of companies interviewed per year (25) is far 
too low for such a large and expansive operation as ABF. With respect to approach, IEO is 
simultaneously interviewing industry about their needs and advertising ABF capabilities. De-bundling 
these two activities may reveal currently unidentified industry needs unrelated to current ABF 
capabilities, potentially opening doors for the ABF to provide new capabilities that are in line with 
industry needs. A more expansive IAB with representatives from a more diverse selection of the 
biomanufacturing industry in terms of company size, supply chain location, and industry segment would 
also be advisable. On a positive note, over the last two years, IEO has devised a non-negotiable CRADA 
to help accelerate contract negotiation time. This is of significant impact and should allow more 
companies to engage with ABF. 

• The management of this program seemed adequate in that metrics were established but flexibility was 
maintained, exemplified by the pivot toward hosting webcasts with different themes when COVID 
thwarted other plans. The approach and its potential for impact were marginal at best. First, relying on 
website views and social media followers to indicate whether industry is engaged seem to be almost 
entirely inadequate and inappropriate goals given the fact that ABF’s mission centers around easing 
commercialization of products. ABF needs to go to industry—there is no way for small companies to 
have ever heard of BETO, let alone ABF, and unless the program thinks creatively about how to reach 
these smaller organizations and other potential company founders, the people who find ABF’s website 
and social media accounts are not the ones ABF needs to reach. Second, the program has made a very 
significant misstep in failing to prioritize diversity and inclusion in their outreach efforts. The networks 
of people who are familiar with ABF or its employees are the only ones you will reach via social media. 
The same is true of the IAB; better efforts need to be made to ensure a diversity of opinions. This is 
especially true with administration priorities in diversity and inclusion. The progress and outcomes this 
group presented were marginal, but certainly not enough to get the input needed to make sure ABF’s 
structure/mission/approach will transform the commercial landscape. 

PI RESPONSE TO REVIEWER COMMENTS 
• The ABF IEO team thanks reviewers for their feedback and thoughtful comments. The IEO has 

expanded activities in recent years, and the amount of resources directed to this effort are evaluated 
yearly by the ABF and BETO. IEO communicates the vision of the ABF and will continue to do so, 
while the ABF Executive Committee, including the BETO Technology Manager, determine the vision 
and mission. The IEO team is not charged with creating the vision; it is responsible for engaging with 
industry to understand hurdles for the advancement of bioprocesses. The IEO regularly collects 
information from industry through interviews, surveys, and engagement with their IAB. This information 
is directly provided to ABF management and to BETO. Continuing to engage with the biomanufacturing 
industry in new ways, and expanding our interaction network, are ongoing priority activities of the IEO 
team. These industry interactions also lead to research partnerships and collaborations within the ABF. 
The IEO team frequently polls industry to understand how well our mechanisms for collaboration are 
working. We will continue to streamline and optimize the establishment of partnerships. The ABF DFO 
is a competitive process and has different foci every year. The competitive and peer-reviewed processes 
dictate who wins awards and how often. We will continue to explore innovative ways to discover and 
engage a broader industry base in outreach efforts. The ABF values diversity, equity, and inclusion and 
we do actively cultivate these values in the IEO activities that we have outlined. In addition, we are 
actively exploring ways of diversifying student involvement at ABF labs. For example, our IAB 
membership is reviewed yearly with a view to encouraging ongoing participation of all members and is 
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adjusted not only for science and mission but also for diversity (including areas of specialization, 
age/size of company, geographic location of operation(s), and gender—categories that will expand in the 
future to make it as inclusive and equitable as possible, while keeping the group to a number that can be 
productive). As the ABF has matured, the IEO task is pivoting from an emphasis on understanding 
industry needs and how the ABF can address them toward communicating our capabilities, successes, 
and opportunities to partner with us. This will be reflected in updates to the ABF website 
(https://agilebiofoundry.org/), such as the inclusion of research highlights, partnering success stories, 
informational webcasts, and other regular news items. We regularly update the capabilities on the ABF 
website to ensure they are up-to-date and to improve organization and clarity. We will also be adding 
links to task-specific websites associated with strain and DNA information, HOD, and “learn” tools. 
Some links exists presently, like one to the EDD, but we will be working to make this link as well as 
others more prominent. Specific information regarding timing and pricing are not included on the 
website because the ABF is not a service provider, per se, and companies are encouraged to reach out to 
the ABF to discuss their specific needs. In addition, our social media presence on Twitter and LinkedIn 
continues to grow and increase awareness of the ABF’s mission, capabilities, and achievements. We also 
maintain and are continually building a mailing list that we use to announce important updates and 
opportunities. We adhere to best practices in our mailing list management; this includes only adding 
recipients who have given us permission to contact them. We continue to explore and pursue new 
strategies to help us reach the biomanufacturing community. This emphasis on marketing will continue 
to expand to communicate with wider audiences. Currently, with relatively limited resources, we must 
prioritize our primary audiences. The IEO team appreciates the need to evaluate the impact and success 
of IEO efforts, which is inherently challenging given that the outcomes are not easily quantified. To this 
end, in our quarterly interactions with the IAB, we have begun to utilize a dashboard that highlights 
expanded metrics of publications, publication impact, tools developed, intellectual property, CRADAs, 
SPPs, Work for Others, and alumni involvement in biomanufacturing. Due to the brevity of Peer Review 
presentations, this was not shown. Now that we are collecting these metrics, they could be made publicly 
available on the ABF website in the future. The appropriateness of these metrics will be continually 
evaluated as we learn more about industry needs and amend as needed. 

  

https://agilebiofoundry.org/
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Intro to Directed Funding Opportunities 
ABF 

  

 

 

 

 

 

COMMENTS 
• An approximately 7- to 8-month turnaround from submission to start of DFO—that’s pretty good for a 

government contract. Keep working on streamlining as much as possible. To industry, time is major 
money. Investors want rapid return on investments, and especially small startups, who are likely to want 
to use ABF services, do not have a lot of time to spend before they need to show progress. As discussed 
during the reviews, 20% cost share is very hard to demonstrate and contribute for academic labs, 
especially because they are government funded! ABF/BETO is working on making it easier for academic 
labs to deal with this requirement, which is good. Overall, the DFO approach is working well (for 
industry) and has had successful outcomes. The early funded projects were in line with BETO/ABF 
goals at the time, although these have since evolved. Perhaps goals will change based on this review 
process; keep making sure DFO projects are in line with the current ABF goals and priorities. A “4” for 
approach is for the difficulties academic labs have in dealing with the cost-share requirements. 

• The large number and the diverse nature of industrial applicants from the DFO has reflected the 
relevance of ABF’s capability to current biomanufacturing. Most of the DFO awardees used ABF’s omic 
tools and onboarded strains. It is not clear how these DFO partners can benefit from ABF’s core 
technology development, such as from beachhead development. It is also not clear how ABF has 

WBS: ABF5 
Presenter(s): James Gardner 
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benefited from DFO projects. There should be some clear demonstration on how each DFO project helps 
to shorten ABF’s DBTL cycle, and help to speed up new DFO projects. ABF should consider using this 
as a metric to manage and evaluate the progress of DFO projects. 

• The ABF has established a carefully organized and well-managed system to seed adoption of ABF 
capabilities by industry via DFOs. These engagements help prove relevance while generating interest 
from industry. The cost-share requirement helps secure industry commitment, but it also largely excludes 
academia. (We later heard about two academic partners having to jump through difficult hoops to be able 
to participate.) As the structures for executing DFOs mature, it will become increasingly important to 
evaluate them in terms of appropriateness of the use of DOE funds. The funding strategy should balance 
three different priority areas: supporting industry, increasing uptake and visibility of ABF capabilities, 
and developing ABF capabilities in a manner that will be of relevance to others. From the presented 
projects, the first of these seems to have had the clearest priority. The second priority needs some 
refinement: Although it is clear that the ABF is helping these partners, it is much less clear what specific 
DBTL capabilities were deployed, at what scales, and, more importantly, how they may transfer to a new 
interaction. (Consider, for example, an unrelated company seeking to learn from the interaction.) For the 
third priority, it was not clear whether it is considered important that these interactions help the ABF 
build reusable infrastructure that will aid its other partnerships. There should be clear communication of 
how ABF DBTL infrastructure is boosted by DFOs, beyond simple research collaborations and 
publications. If ABF DBTL improvement is not a priority of a particular engagement, then it should 
probably be treated like a contract manufacturing organization arrangement, as ABF is not gaining as 
much as the company from the DOE funds. 

• The goal of DFOs is to develop partnerships between the ABF and industry and nonprofits to (1) 
accelerate the commercialization of bioproducts and (2) advance the ABF’s capabilities. The 
management of the DFO is well-structured, with a number of systems in place to monitor progress on the 
different projects, and a well-defined strategy for proposal review and project adjudication. Each project 
has a technical contact at ABF, which provides clear lines of communication between the partners and 
ABF. With respect to approach, there is a decrease in the number of applications for 2021 (4x to 2.4x 
oversubscription). Further, compared to other funding opportunities, DFO has a low oversubscription 
rate. Broader advertising of DFO or lowering the cost-share requirement would expand the number of 
projects that come to the ABF for evaluation. In particular, the 20% cost-share requirement may exclude 
some potential nonprofit partners that may bring new capabilities to ABF. Thus, a tiered cost-share 
system may be worth exploring. The impact of the DFO is high for both the companies involved, in 
terms of advancing products to market, and the ABF, in terms of advancing its in-house capabilities. The 
DFO should strive for a balance between projects that are clearly beneficial to companies, but are run of 
the mill for the ABF, and projects where the ABF has a significant potential to expand or refine its 
capabilities. Potentially, the total project award could be tied to the potential of the ABF to expand its 
capabilities. At this point, with some exceptions, most companies collaborating with ABF are startups or 
small companies. It may be worth expanding collaborations with companies of different sizes, supply 
chain location, and industry segments. The progress of the DFO has been substantial, both in terms of 
advancing companies toward product scale-up and identifying novel opportunities for ABF to tackle. 

• The management of this program seemed robust: there was not a ton of attention paid to this in the 
presentation, but there seemed to be an adequate focus on communication, and there was an emphasis on 
improving this with each iteration. The approach seemed sound: this appears to be a highly cost-effective 
way for the ABF consortium to make technical progress. However, the cost-share barrier seemed very 
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significant for academic and industry participants, and some of the rules on what count as allowable 
costs were unnecessarily restrictive. The potential impact of the topic areas, including culture 
heterogeneity, AI-enhanced manufacturing, and new host onboarding are all high. There seemed to be 
substantial progress across many target areas and hosts for 15 projects, but it was hard to fully evaluate 
this given the level of detail presented. 

• The management structure appears sound. In particular, the clear delineation of responsibilities for key 
participants and stakeholders, use of program management tracking software, and identification of risks 
and mitigations is an important foundation for management. The approach used for soliciting, reviewing, 
choosing, and launching the DFO awards is well conceived. It is commendable and notable that this 
approach has evolved over time in response to feedback and observations, which is always good to see 
(rather than an inflexible or dogmatic attachment to the initial approach). One concern is the >three 
months for the CRADA, NDA, MTA, and safety evaluations; it would be good to try to shorten that, so 
that the launch of R&D can occur sooner after the awardees are selected. Another thing to consider is 
whether it makes sense to target a certain ballpark of overapplication, defined as the amount of money or 
value that the DFO applicants request compared to that awarded ($5–$5.7 M). For example, National 
Institutes of Health (NIH) Research Project Grant (R01) success rates are around 20%, and while this is 
too low, it does reflect that NIH grants likely favor the cream of the cream of the crop and can also favor 
grants that advance their overall strategic vision. If ABF were to solicit and receive more DFO 
applications from more organizations, would the quality and impact of the work be higher because the 
committee would need to be more selective? The impact, progress, and outcomes of the DFO awards are 
a bit hard to judge, because some of the awards are still in the early stages of work and other awardees 
presented anonymized data or descriptions that were hard to assess rigorously. One thing that the ABF 
staff should do (if they are not already) is to ask incisive questions of the key staff for each DFO award, 
and at the end of the award period, judge the impact of the work. In many cases in this relatively nascent 
industry, we have a hypothesis about the type of approach that will prove fruitful in generating key 
insights that lead to improvements in TRY to drive the development of manufacturing-ready technology. 
But these are only hypotheses, and some will be right and others wrong (or not suited to particular 
problems), even if the proposed work is executed flawlessly with high rigor, rich data sets, and deep 
analyses. For example, strain performance may fall over time in fermentation, and I may hypothesize 
that if I measure changes in mRNA abundance or metabolite levels then I will understand the mechanism 
responsible for the performance drop, and thus be able to solve it. I might then make such measurements, 
but perhaps they might prove unhelpful in understanding the underlying mechanism and thus not have a 
positive impact in increasing performance. This is a valuable negative result that should be tracked and 
used to learn what types of experiments are most valuable in particular circumstances, and perhaps in the 
future the ABF staff will decide not to pursue such approaches and instead find ones that are more 
impactful. 

• The overall process for DFOs seems to be well refined and working from a programmatic perspective. 
The critical issue in my opinion is that projects selected need to be rigorously evaluated based on their 
alignment with the best interest of the ABF mission in mind. It is not that these projects bear a conflict of 
interest per se; instead, the projects selected could have stronger strategic priorities. Projects should 
inherently take on more risk to create a higher likelihood that the investment will lead to a step-change of 
capabilities, instead of incremental improvements. None of the projects evaluated reflect that opportunity 
for ABF to be impactful. Almost all of the FOA projects presented would be a better fit under the rubric 
of DFOs because they will be more impactful. Too many of the projects seemed to be more of a fee-for-
service model instead of an enabling capability for academia and industry to create that step-change. As 
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stated on slide 19, the DFO provides a unique opportunity for ABF to get insights into the emergent 
challenges within industry; however, the process could exploit that opportunity much more than it is 
currently doing to select more high-risk projects. ABF’s DFO investment is working in a unique space 
that allows it to be attractive and impactful for industry. Reviewers should be challenged to review 
ABF’s mission more closely and select projects that create enabling/disruptive capabilities. The projects 
reviewed do not solve tough challenges. It was striking that one of the current performers under review, 
TeselaGen, very clearly stated that the protracted CRADA process was a major hurdle that dissuaded any 
future collaboration with ABF. It highlights that the CRADA negotiation process still requires 
improvement, beyond the tremendous accomplishments already achieved.  

PI RESPONSE TO REVIEWER COMMENTS 
• We agree with the reviewer’s assessment that the inherent cost-share requirements of DFOs pose a 

challenge for academic collaborators. In the four years since its establishment, the ABF has developed 
collaborations with the University of Georgia, UCSD, University of Washington, UC Berkeley, 
University of Delaware, and Washington University in St. Louis. However, many academic groups do 
not have significant nonfederal cost share to offer DFO-based project proposals, which puts them at a 
distinct disadvantage and prevents the ABF from more frequently engaging in strategically meaningful 
academic collaborations, especially by way of the DFO. As a partial response to this dilemma, the ABF 
is working to establish an interagency collaboration with the National Science Foundation, to set up a 
funding opportunity that would allow for applicants to utilize their funds as part of their cost-share 
requirement, opening the door for greater academic engagement.  

• We agree with the reviewer’s assessment that the goals of DFO projects, from the ABF perspective, 
should balance industry support with growth of ABF knowledge and capabilities, so that collaborators 
advance their technology and ABF applies learnings and new capabilities in ways that benefit future 
projects and the biomanufacturing community as a whole. This requires careful consideration for the 
rights of outside parties engaging in CRADA agreements and the resulting ways in which the ABF may 
negotiate the use of intellectual property and proprietary information arising from such projects. In 
keeping with the reviewer’s observation, the support-of-industry part of the equation arguably received 
greater emphasis in the ABF’s initial DFOs, while the ABF built its visibility in the community, the third 
facet the reviewer describes above. But these collaborations have indeed offered value to the ABF, 
beyond visibility. As just one example, the ABF has benefited from the onboarding of new hosts, 
dramatically expanding its library of microbial hosts, which are now much more poised for other genetic 
engineering. Perhaps more to the reviewers’ broader point, the focus of the presentation was more 
squarely on the unique value that the ABF has immediately offered its DFO collaborators, and less so on 
the corollary of those relationships. While the ABF evaluates its prospective DFO relationships for their 
internal strategic value too, that aspect could have been better communicated during the “Intro to DFOs” 
discussion.  

• The ABF will take the reviewer’s recommendation to more fully communicate all aspects of these 
relationships in future presentations. We agree with the reviewer’s assessment regarding the large 
number and diverse nature of the industrial applicants as a reflection of the ABF’s relevance. The ABF’s 
capital-intensive operations and rare expertise needed to make use of such capabilities have been a driver 
in ABF’s ability to serve the community as fully and immediately as it has in such a short period of time. 
This is true not only for omics tools and onboarded strains, but for every leg of the DBTL cycle, along 
with various process integration capabilities (e.g., scale-up and TEA/LCA). Meanwhile, as the reviewer 
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highlights, the ABF has strategically developed other core technologies, beachheads in this case, in order 
to dramatically cut DBTLs for target molecules that depend on flux through the cognate pathways.  

• The ABF looks forward to testing the beachhead approach through future collaborations. We will 
continually and carefully evaluate this strategy, and its execution, but we predict it will prove to be a 
valuable offering to the biomanufacturing community. The prior reviewer made a similar and fair point, 
regarding unclear articulation of the benefit of DFOs for the ABF. Excerpting from above, “While the 
ABF evaluates its prospective DFO relationships for their internal strategic value too, that aspect could 
have been better communicated during the ‘Intro to DFOs’ discussion. The ABF will take the reviewer’s 
recommendation to more fully communicate all aspects of these relationships in future presentations.” 
Additionally, in reference to this reviewer’s suggestion of a metric, the ABF will take this under 
advisement as an additional means of evaluating its DFO investments, and we thank the reviewer for the 
suggestion. The ABF is attuned to the time-sensitive nature of business and how that can conflict with 
the process of government contracting. We work with our contracting officers, tech transfer experts, IP 
attorneys, and other stakeholders from the ABF consortium national laboratories so that the contracting 
process may move as swiftly as possible. Advancements such as the non-negotiable CRADA and a 
recently established blanket NDA are part of an overall strategy of shaving time off the process.  

• A reviewer above echoed the sentiments for the inherent difficulties for academic labs to meet cost 
share. Please refer to our first response about the collaborations with academic institutions.  

• The academic community is a key driver in the development of new bioproduct technologies; the ABF is 
keenly aware of the importance of these collaborations and is working with agencies and internal 
stakeholders to grow the ABF’s academic relationships. Demonstrating cost share, however, is arguably 
not difficult and an area where there is considerable guidance from DOE and the code of federal 
regulations: see (1) recent DOE FOA, and (2) DOE’s Guide to Financial Assistance. The ABF strives to 
provide a straightforward process via a simple Google form, for a cost-share declaration that aligns with 
DOE guidelines and requirements but does so in a process-economical fashion. We thank the reviewer 
for the comments and appreciate the assessment of the ABF’s approach to managing the DFO process. 
The ABF is committed to continually improving this process and avoiding adherence to approaches that 
are less effective or fail to change with evolving circumstances. One vision would be to have the 
agreement process collapse to the time required to read and sign each agreement. To that end, the ABF 
has recently crafted a blanket NDA, pre-signed by the seven national labs that constitute the ABF 
consortium. The team is continuing to consider other ways to shorten this shared process and streamline 
related but independent internal processes (e.g., material transfer agreements). Comparing the ABF DFO 
to the NIH’s funding machinery is fraught with incongruities, though the point is still well taken. For the 
three DFO funding cycles (FY 2017, FY 2020, and FY 2021), the ABF has enjoyed an average 
oversubscription of about three-fold, so with some minor adjustments in the early stages of the timeline, 
a five-fold oversubscription (i.e., a 20% funding line) is certainly feasible, and we would welcome that 
scenario. Our ardent outreach has thus far resulted in a level of response that arguably reflects the 
newness of the organization, the relatively narrow scope of the funding opportunity, and of course, the 
self-limiting cost-share requirements.  
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• To that last point, the FY 2021 DFO received 22 initial abstracts. Those whittled down to 17 
applications, largely as a function of drop-off by academic groups who couldn’t define a path to covering 
the cost share. Had all applied, the ABF may indeed have hit a crème de la crème 20% funding line, such 
as what the reviewer describes. As noted in the presentation, the ABF is identifying paths to augment its 
ability to collaborate with academic groups, to deepen and enrich the pool of collaborations overall. The 
ABF appreciates the reviewer’s remarks on the value of negative data, and as projects conclude, will 
work to systematically catalogue such information, for precisely the purpose the reviewer describes. The 
ABF appreciates the reviewer’s comments on the successful facets of the ABF’s approach to its DFO, 
and we acknowledge that success is a moving target that requires continual assessment and recalibration. 
Earlier responses to reviewer comments allude to the inherent barriers posed by cost-share requirements, 
20% being a common DOE figure. As was presented, the ABF is seeking paths to reduce that barrier, for 
instance through collaborative funding opportunities with the National Science Foundation. However, 
DOE allowable costs are arguably not restrictive, and as noted previously, this is an area where there is 
considerable guidance from DOE and the code of federal regulations.  

• We thank the reviewer for the comments regarding DFO proposal and project management. It is unclear 
as to which “other funding opportunities” the reviewer is referencing, in comparing and critiquing the 
DFO oversubscription rate. However, as our responses to previous comments describe, the 20% cost 
share is an inherent barrier that does certainly dampen the number of academic applicants (see previous 
comments). The suggestion of a tiered cost-share system is intriguing, and the ABF will broach this idea 
with BETO. Regarding collaborator benefit versus ABF benefit, the ABF strives to develop mutually 
beneficial collaborations with all of its DFO-based projects. Admittedly, and as stated in earlier 
responses to reviewer comments, the presentation should have been more explicit in addressing the 
benefit that the ABF itself aims to reap from each project. The reviewer accurately observed that most, 
but certainly not all, DFO collaborators are small companies or startups. The continued success of the 
DFO may itself generate a larger and more diverse pool of applicants, as knowledge of and demand for 
the DFO grows year-to-year. 

• The ABF’s IEO team will review the DFO outreach strategy and consider paths and strategic costs and 
benefits of expanding collaborations to include companies of different sizes, supply chain location, 
industry segments, and other considerations. The ABF thanks the reviewer for the comments and agrees 
that it is important for the ABF strike a balance between (1) supporting collaborators in a manner that is 
otherwise unavailable in the private sector and (2) gaining learning and technologies from each project 
that are applicable to future projects, for the broader benefit of the industry. The reviewer suggests that 
the ABF cultivate more high-risk/high-reward projects that create enabling/disruptive capabilities and 
that, in the reviewer’s opinion, the projects reviewed do not solve tough challenges. Would-be 
collaborators come to the ABF for enabling technologies and expertise that are unavailable in the private 
sector. Further, there is often an incremental quality to the DBTL cycle and its iterative processes, a core 
operational feature of the ABF, which thus far is serving the ABF mission well.  

• Obtaining step-function improvements where possible, say through the pursuit of nonrational AI-based 
hypotheses, is just one area where the ABF offers cutting-edge capabilities. Similarly, the onboarding of 
noncanonical hosts is enabling genetic engineering for new realms in biomanufacturing; industry 
demand itself is helping define the direction of this effort. As stewards of public dollars and purveyors of 
industry-defined projects, it is important for the ABF to balance project risk with reward. However, to 
acknowledge the reviewer’s suggestion, the ABF will internally review its strategic approach to risk 
within the DFO application review and selection process, so that the ABF may best serve the 
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biomanufacturing community at large. As previous responses mentioned, the CRADA contracting 
process is part and parcel of working with the federally funded research and development centers. This is 
an area where the ABF continually strives to coordinate and streamline, across the ABF’s seven national 
laboratories. Although the contracting process is more time-consuming than we want, multiple groups 
have repeatedly applied to the ABF DFO, pointing to the net positive value it offers for many. However, 
as it has done for every DFO, the ABF will execute its future DFO planning with an eye toward shorter 
paths to contracting completion. 
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ABF Industry Engagement Lab Call—Lygos 
Lygos 

PROJECT DESCRIPTION 
The ABF is a flexible platform that can adjust to the 
needs of its partners, thus enabling them to rapidly 
develop and optimize the production of a wide range 
of bioproducts into the market. To demonstrate this 
capability, three ABF labs (National Technology and 
Engineering Solutions of Sandia, LLC; LBNL; and 
PNNL) partnered with the biomanufacturer Lygos to 
rapidly develop a microbial host for the production of high-value organic acid. Lygos uses Pichia kudriavzevii, 
an acid-tolerant BSL-1 yeast, to produce organic acids, chemicals that are generally expensive to manufacture 
petrochemically but that can be produced at high yields and for low cost biologically. While P. kudriavzevii’s 
general robustness provides an advantage over more traditional biomanufacturing strains like E. coli and S. 
cerevisiae, working with P. kudriavzevii presents unique challenges. Lygos’ experience working with this 
nonconventional yeast is extensive. However, there remained room to improve the engineering cycle, 
providing an opportunity to partner with the ABF to further advance this microorganism. The high-value 
organic acid chosen to demonstrate the beneficial collaboration between Lygos and the ABF was isobutyric 
acid, a useful platform chemical that can be converted to methyl methacrylate (aka Plexiglas, a large market 
material). Over the course of this project, the ABF’s DBTL tools and technologies were used to diagnose and 
optimize many pathway bottlenecks in a high-throughput manner, resulting in a rewired host organism with 
improved production of the isobutryic acid bioproduct. At the end of this project, the ABF and Lygos 
identified a strain and fermentation conditions that produced ~20-fold more isobutyric acid using 
lignocellulosic feedstocks compared to the original prototype strain. These results showcase the successful 
cooperation between the ABF and Lygos to produce isobutyric acid in P. kudriavzevii. 

  

  

WBS: ABF6 
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Photo courtesy of Lygos 

  

COMMENTS 
• As stated in the slide, this was an early DFO project that “Provided an opportunity to kick the tires of the 

ABF’s DBTL technologies in collaboration with its industrial partner Lygos.” Overall, it was highly 
successful at this goal and provided gain to both ABF and Lygos. As this project is finished, and ABF 
has refined their priorities and vision going forward, it is not that relevant to review in detail, as there is 
nothing to change. Overall, this project was successful, well managed, and met milestones. As discussed 
in other reviews, ABF/BETO needs to reevaluate the necessity to require industry partners to use 
hydrolysate feedstocks. This is not relevant or useful to industry. Industry use of hydrolysate feedstocks 
is at least a decade away. Requiring this work diverts resources that can be used to make progress on 
relevant industrial processes. Also, making a strain to use hydrolysate is very likely to move a strain into 
a certain metabolic state that will negatively impact TRY on traditional sugars. As a compromise, let 
industry use standard sugars, but require them to test hydrolysate to benchmark performance to 
understand the impact on pathway and TRY metrics. If the industrial microbe is theoretically able to use 
biomass sugars, then ABF can further develop that microbe on their own funding for better usage of 
hydrolysate (but not part of industry partnered DFO). Future DFO’s should have an emphasis on (1) 
beachhead/host development, (2) how many DBTL cycles were completed, (3) showing progress on 
DBTL cycle time reduction, and (4) clear metrics on host technology tier level progress or tier increases. 

• Strengths: All proposed tasks have been completed. Final product titer reached the grant target. The 
project clearly demonstrated the use of ABF’s capability to complete the DBTL, which otherwise might 
be difficult for Lygos to complete by itself. This project onboarded a yeast strain to ABF’s list, although 
the amount of genetic tools is not at the level with other ABF strains.  

• Weaknesses/areas for improvement: The DBTL cycle of this project is longer than other projects. As a 
result, only a few DBTL cycles were completed. Besides onboarding a strain, it is not clear what other 
capability this project has added to ABF. The benefit of this project to ABF is not high considering its 
budget size. 
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• The goal of this project is to apply ABF DBTL cycles to engineer P. kudriavzevii for the production of 
isobutyric acid, a precursor to methyl methacrylate. The project has clear lines of communication 
between Lygos and ABF participants. The approach involves strain engineering at Lygos and strain 
design and testing (scale-up, omics) at the ABF. The impact to Lygos is high, as the ABF provides 
capabilities (omics, scale-up) that are not present at a small company, and in this sense, the project fits 
within the ABF’s mission to reduce the time to bioprocess scale-up. However, the impact of the project 
to the ABF is medium. The project is too small-scale to significantly push the ABF’s capabilities (e.g., 
only 15 enzymes in the homology screen provide limited data for the learn component of the DBTL 
cycle). Further, while Lygos is providing expertise in working with P. kudriavzevii, ABF is onboarding 
this organism without clear delineation of whether the organism fits within ABF’s strategic plan for 
organism onboarding and development (physiology, metabolism, phylogeny). Progress on this project is 
high, greatly outperforming the originally set metrics for isobutyric acid production. 

• The management of this program was strong based on the sensible distribution of responsibilities across 
participants, the communication between participants, and the residency of scientists at different 
participant labs (i.e., a Sandia person was put at Lygos). The approach was smart: The selection of a P. 
kudriavzevii strain that accumulates a precursor while minimizing biomass, the initial focus on three 
enzymes and expansion to five based on progress, and the full utilization of the expertise of each 
participant were all compelling. The impact is high: P. kudriavzevii strains are of high potential 
commercial relevance, especially for replacing petrochemical-derived products. The progress was great, 
with several DBTL cycles completed and a 20-fold increase in isobutyric acid production in under two 
years. This was an excellent example of ABF advancing a commercial objective that may not have 
otherwise been possible given the capital and equipment investment required to complete this work. 

• The management structure described seems well suited to the need. The approach is solid, but not 
particularly innovative; the greatest innovation in the project from the perspective of the ABF (it seems 
to this reviewer) is the onboarding of a new host species (P. kudriavzevii), which is beneficial for the 
ABF to achieve its numerical targets for host strains, and P. kudriavzevii’s special, potentially beneficial 
attributes are nicely complementary to the other strains in the ABF stable. However, applying these 
generalizable omics approaches to a new species and target product is welcome and provides a further 
successful test of the hypothesis that such omics can help identify bottlenecks and guide efforts to 
resolve the bottlenecks. The impact is quite favorable in the sense that Lygos has been talking with 
outside partners who appear to be interested in helping with scale-up and commercialization of 
isobutyric acid, and the results from the ABF work were described as sufficiently promising for Lygos to 
continue the technology optimization after the conclusion of the grant, including >20-fold increase in 
production. Another favorable outcome is that it was stated that the ABF proteomics and metabolomics 
identified bottlenecks in the pathway, and subsequently they were able to resolve those bottlenecks. 
However, with respect to impact, two things are not clear. First, it is not clear how close the technology 
is, at the end of the funding period, to what is needed for commercialization. Second, while replacing 
environmentally damaging and hazardous waste-producing petrochemical processes with a bio-based 
process is welcome, the other justification on the basis of sustainability was not well elucidated; it was 
said that the current process uses “unsustainable petroleum feedstocks,” but it wasn’t stated how long the 
petroleum feedstocks may last into the future, and what the environmental footprint may be of the bio-
based process. The project seems to have completed all of its objectives on the original (revised) 
timeline. 
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• The project is a good exercise for ABF to test, learn, and refine its current pathway development 
platform and collaboration across ABF. The project is only adding limited value to the ABF capabilities. 
If the ABF wants to reach its goal of achieving 50% reductions in time to bioprocess scale-up, this 
project is not the project that helps move the needle in the correct direction to meet that goal. There are 
no measurable improvements to the ABF DBTL cycle, and the onboarded chassis is not necessarily a 
better strain than others to handle organic acids. Looking beyond yeast strains will make ABF’s HObT 
program even more valuable. 

• Through this DFO, Lygos was able to leverage the ABF’s capacities for multi-omics analysis and DNA 
assembly to improve the economic viability of isobutyric acid production. Significantly, based on the 
successes of this project, Lygos intends to continue to pursue commercialization of this product. In this 
respect, this project is a clear win for the DFO program. In terms of the ABF activities articulated in the 
presentation, it appears that ABF assembled a few dozen vectors, performed multi-omics analysis on one 
baseline production strain, and contributed expertise for metabolic engineering and fermentation 
optimization. It is assumed that other ABF contributions not described account for the remainder of the 
considerable DOE funding for this project. From a HOD perspective, it is fantastic that ABF staff were 
able to receive training on a new host at Lygos. However, to ensure continuity and uptake, it would be 
preferable to have the capability for Pichia engineering move in-house as a specific milestone for the 
project. 

PI RESPONSE TO REVIEWER COMMENTS 
• The project team is appreciative of all of the constructive feedback received from the reviewers and will 

consider this feedback in future ABF industry projects. As an update to this project, the on-boarding of 
Pichia strain engineering and fermentation has now been moved in-house at the ABF. 
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ABF Industry Engagement Lab Call—Kiverdi 
Kiverdi 

PROJECT DESCRIPTION 
The objectives of this project are to improve 
transformation in Cupriavidus necator, develop 
CRISPR/Cas for C. necator genome editing, 
systematically screen RBSs for C. necator, develop 
and initially optimize a heterologous 1-dodecanol 
pathway in C. necator, and perform fermentation of 
C. necator under chemolithoautotrophic conditions. 
The project will support the ABF’s goal to translate new IP and manufacturing technologies to U.S. industry to 
ensure market transformation, add a new host organism to ABF portfolio, and contribute to the identification 
of underperforming ABF unit operations. 

 

 

 

  

WBS: ABF7 
Presenter(s): John Reed; Dan Robertson 
Project Start Date: 07/24/2017 
Planned Project End Date: 09/30/2021 
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Photo courtesy of Kiverdi 

  

COMMENTS 
• This is a good project that increases the ABF’s capabilities; it looks to enhance the ABF’s strain 

repertoire, adding a good microbial chassis. Project adds value to the DBTL cycle of ABF by testing 
various tools and approaches by the ABF team. The struggle is for ABF not to continue to be a fee-for-
service organization while only providing incremental improvements of their own technology 
development process relevant to the mission of ABF. 

• Strengths: Good progress was made on genetic tool development. The project is on track to complete the 
proposed milestones. This project efficiently used ABF’s capability in onboarding new strains.  

• Weaknesses/areas for improvement: So far, Kiverdi’s contribution to this project is limited. The first 
DBTL cycle has not been completed. This probably reflects a problem with the structure of project: The 
Kiverdi team has to wait for the genetic tools to be developed to start their project. Given this problem, it 
is unlikely for this project to perform multiple DBTL cycles to obtain high TRY metrics. It may just end 
and produce some C12 alcohol in their organism. The overall impact of this project is probably limited. 

• The goal of this project with Kiverdi is to develop Cupriavidus necator as a host for the upgrading of 
knallgas to chemicals. This is primarily a synthetic biology tools development project. The tasks 
performed by each team member are clearly defined. It is unclear what Kiverdi’s contribution to the 
project is, apart from microbial fermentation, as the ABF is conducting the host onboarding, tools 
development, and strain engineering. Progress on this project has been good from the ABF side, but the 
tasks led by Kiverdi have not been started yet. The impact of the project is medium. The impact for 
Kiverdi is to more rapidly engineer C. necator to produce dodecanol from knallgas. The impact for the 
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ABF is less clear. While Kiverdi is providing expertise in working with C. necator, ABF is onboarding 
this organism without clear delineation of whether the organism fits within ABF’s strategic plan for 
organism onboarding and development (physiology, metabolism, phylogeny). Nor is it clear whether 
other companies, in addition to Kiverdi, are likely to use the tools developed for this organism or 
whether C. necator is the best organism to onboard and develop for knallgas biotransformation. Answers 
to these questions will address the impact of this project to the general bioindustrial field. 

• The management of the program was marginal; it seems that COVID significantly disrupted timelines, as 
expected, but that this compounded other issues with changing scope. Estimates on the number of DBTL 
cycles possible in the remainder of the program seemed greatly off. The planned approach seemed good, 
in that it addressed several foundation gaps simultaneously, including transformation efficiency and 
CRISPR systems. The potential impact is high: Direct conversion of CO2 would be a transformative step 
for making our economy circular. Without seeing specific results, it was hard to assess progress, but it 
seemed like they met several of their goals, though on an extended timeline. 

• The management plan seems generally good, although perhaps it would be better to have more frequent 
check-ins than the quarterly updates described in slide 7, because there can be many changes and risks 
that need to be mitigated that arise within a quarter. Also, from the management perspective, it was 
unfortunate that staffing was not in place for all of the tasks, which led to a delay in Task 2 (slide 13). 
The approach is innovative and nicely complementary to other activities in ABF, with C. necator 
providing an exciting opportunity to make products from knallgas. It is a win-win situation for the ABF 
to onboard a potentially useful new strain and for Kiverdi to accelerate development of the genetic 
tractability of this species. The potential impact is very high, both from a greenhouse gas perspective and 
from the perspective of Kiverdi having a strategic partnership in place to commercialize the fatty 
alcohols with a world leader in surfactants (slide 9). Given the results shown, there are many exciting 
achievements demonstrated; however, the project seems to have a long way to go to complete the 
remainder of its tasks, and thus is at risk of being delayed or incomplete. For example, there were a few 
tasks that were 10%–50% complete as of 3/8/21, but were targeted for completion on 3/31/21. In 
addition, Tasks 5 and 6 are very exciting and ambitious, but given the percent finished to date, may be at 
risk of not being successfully completed by the end of June or September, respectively. 

• This project is a good demonstration of how the ABF’s technologies and funding mechanisms can 
support small businesses who lack access to critical technologies. In particular, this collaboration has 
produced new genetic manipulation tools for C. necator, an interesting C1 chassis, and can already claim 
several victories via screening of 10 integrases, 18 promoters, 14 ribosomal binding sites, and a T7-
polymerase-based inducible system. The project is experiencing a few delays due to the pandemic, but 
these are understandable. Overall, these new genetic tools will certainly increase the viability of using C. 
necator as a production host. From the Kiverdi perspective, a key outstanding question is whether these 
improvements will lead to improvements of commercial relevance. To this end, it appears that a large 
number of expression variants of two pathway genes have been prepared and are awaiting testing. From 
the ABF perspective, the progress was good, but hard to distinguish from standard low-throughput 
metabolic engineering that could be accessed via a regular academic collaboration. Based on the power 
of ABF’s DIVA system, one could imagine ABF testing hundreds of integrases, promoters, and RBSs, as 
appropriate. 

• This was an early DFO project that provided a very good opportunity to develop one of the new host 
strains on ABF’s list as well as help Kiverdi advance their technologies to produce a relevant molecule 
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for the bioeconomy. Although not completed, it is on track to achieve close to, if not all, of the 
milestones. Overall, it has been highly successful and is a gain to both ABF and Kiverdi. It was nice to 
see a project use a non-sugar feedstock and really develop that technology. More and more, it is looking 
like converting biomass to gasses as feedstocks is going to be more economically viable than enzymatic 
hydrolysate feedstock. These types of projects should be sought after for future funding. In the future, 
DFOs and their reviews should have an emphasis on (1) beachhead/host development, (2) how many 
DBTL cycles were completed, (3) showing progress on DBTL cycle time reduction, and (4) clear 
metrics on host technology tier level progress or tier increases. This project did show host-onboarding 
progress, progress on DBTL cycle time reduction, and clear metrics on host technology tier level 
progress or tier increases. 

PI RESPONSE TO REVIEWER COMMENTS 
• We would like to thank the reviewers for their constructive comments. We regret the delays caused by 

COVID lockdown of labs, but with the approved extension of the project to 9/30/21, we plan to achieve 
the amended project goals. 
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ABF Industry Engagement Lab Call—Agilent 
Agilent 

PROJECT DESCRIPTION 
Elucidating multiple types of information about 
engineering biosynthetic pathways and the host 
biological processes is necessary to generate 
groundbreaking insights critical to driving bio-based 
chemical optimization processes. Significant 
advances in synthetic biology, genome editing, and 
DNA synthesis capabilities have propelled the ability 
to design and construct novel strains for biomanufacturing research. Generating thousands of unique strains for 
a given target molecule covering multiple routes, tuned protein expression, and targeted genome modification 
is now routine. Yet, analytical tools to match this throughput have lagged far behind. There is great need for 
high-throughput analytical workflows that reduce time and resource needs to enable synthetic biology research 
at the ABF. Agilent Technologies’ developments in high-throughput liquid chromatography-mass 
spectrometry methods coupled with advanced software to predict which methods will be successful offer 
valuable components for these types of workflows. And, interfacing these technologies with ABF mass 
spectrometers, software (i.e., EDD), and workflows for strain design and construction would have significant 
impact on foundry operations, strain development processes, and mathematical modeling efforts. 
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Photo courtesy of Agilent 

  

COMMENTS 
• I found this program difficult to assess based on the level of detail provided during the presentation, 

which felt to me to be filled with broad, vague statements. For management, it seemed that the 
participants were each able to contribute to meet goals and that the planning of the program was 
successful. For approach, the technical details seemed fine, but it was not evident to me that efforts to 
maximize the collaboration were made; it seemed like the labs gave Agilent data and some assistance on 
improving their machine learning, but that there was not a lot of back and forth. I think the impact level 
is moderate: Automated method selection capabilities would enhance some programs, but I think the 
level that this would influence industry is lower than the other DFO projects. The goals seemed to have 
all been completed and on time. 

• Strengths: The high-throughput metabolite analytical resource is needed widely by the biomanufacturing 
community, and thus will provide value in metabolic engineering. This project will advance ABF’s 
metabolite characterization capability and improve machine learning prediction. The project has been 
making the planned progress. Weakness/area for improvement: None. 

• The goal of this project is to combine Agilent’s ultra-performance liquid chromatography/mass 
spectrometry (UPLC/MS) capabilities with the ABF’s machine learning expertise to develop algorithms 
to predict UPLC/MS methods to test the microbial production of various chemicals. The management of 
this project has clear lines of communication between Agilent and ABF. The overall impact of this 
project is to reduce the UPLC/MS method development time, thus accelerating the testing step in the 
DBTL cycle. The impact of this project to Agilent is high, as the predictive UPLC/MS method tools can 
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be integrated with its commercial software. Agilent can then make these tools available to their 
customers in the wider bioindustrial community. As part of this project, ABF is honing its machine 
learning capabilities. The approach to the project is well reasoned. Ideally, ABF could quantify the 
reduction in the DBTL cycle time enabled by this UPLC/MS method prediction software. The progress 
of this project has been good, with the system able to predict methods not only for model compounds but 
also for real samples. Of note, this is the only collaboration between ABF and a large-sized company, 
and lessons learned from this interaction could potentially increase ABF collaborations with other large-
sized companies. 

• The management structure seems sound overall, with biweekly meetings and distributed work. The 
approach described will advance the state of the art, relative to BETO goals, and will be generally useful 
if the method predictor can be demonstrated to function well. While this is an important advancement, it 
is not clear how innovative this will be and how significant its potential is. Also, with regard to approach 
and impact, it was not clear how the team is planning to investigate the accuracy, precision, or 
reproducibility of the actual measurements (for example, did a time course of samples from the same 
fermentation give sensible trends?). Moreover, it was not clear to what extent this proposed new 
technology will address a stated goal of increasing sample measurement throughput and decreasing 
development time. The progress and outcomes are mixed. While the team made good progress as it 
transferred the methods, made 116 measurements, addressed some gaps in data processing and 
disambiguation of charge states, and created an automated method selection tool, they are somewhat (at 
least 1.5 weeks) behind schedule on testing whether the most innovative goal was met. What is the 
extent to which their initial automated method selection tool can accurately predict the best method to 
use for a given novel metabolite? It will be very interesting to see how good the initial tool is, and the 
how much the team can improve it before the final milestone deadline at the end of June. 

• The need for ultra-high-throughput screening is a must-have in the world of biotech/synthetic bio. 
Metabolomics is an especially problematic field to tackle, and yet it is so valuable for debottlenecking 
strains and making rapid strain advances. This is a fantastic collaboration example for the ABF. As 
stated, this work grew out of the initial collaboration with Amyris and Agilent in an earlier Defense 
Advanced Research Projects Agency (DARPA)-funded project. One of the main barriers to implement 
the work developed under that partnership was the software and user interface. One of the big gains in 
this DFO appears to be the use of ABF’s EDD. As stated: EDD is a publicly available online tool 
designed as a repository of experimental data and metadata. EDD can uptake experimental data, provide 
visualization of these data, and produce downloadable data in several standard output formats. The latter 
outcome is of huge value to the synthetic bio industry. As Agilent stated, what was so positive about this 
partnership was bringing real-world problems and data sets for them to test and develop their systems. 
Again, a great example of partnerships that ABF should be looking toward in future DFOs. There was a 
question if Agilent could do 10,000 samples a day. The answer was no, and even 1,000 a day was hard 
but doable. It’s not clear what project/company could even use/need 10,000 samples a day on a 
consistent basis. I’d agree with that. 1,000 a day seems like a very good reasonable goal for now. 
Machine learning and data analysis will need to seriously increase by orders of magnitude in order to be 
able to process and make sense of 10,000 data points a day. Even 1,000 data points a day, right now, is 
too much to handle with current learn technology. ABF should continue to invest in learn to process the 
data generated in test for omics. In the next review, I would like to see more information on DBTL cycle 
time and progress on cycle time reduction. 
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• This project differs from the others in that it utilizes ABF’s expertise to enable an instrument vendor to 
develop and validate a new test technique. Here, Agilent seeks to merge multiple mass spectroscopy 
platforms with machine learning to enable profiling of samples at scales of thousands a day. The 
approach is also nicely bridged into ABF’s EDD platform. Although fast test with some intrinsic 
desirability, it was not entirely clear how these developments will translate. First, we are still awaiting 
key results to validate utility of the key machine learning component, which aims to automate target-
dependent method selection. Second, because the approach depends on multiple high-end instruments, 
the number of entities outside of the ABF that would be able to utilize it is likely small. Last, it was not 
made clear how this approach can be made to match up with ABF’s throughput on DNA assembly or 
strain construction, which is currently far from generating thousands of samples a day. 

• This project is a good example of how ABF should leverage partnerships to expand current capabilities 
and leverage unique insights into industry technology development to better DBTL processes. The 
benefits for this project are clearly defined and lay out a good strategy for how the work will deliver 
greater analytical capabilities to ABF, which benefits industry partners as a whole. The project is focused 
on the overall mission of ABF to reduce processing time and increase productivity. The collaboration 
shows how the industry partnership is creating a workflow in coordination with ABF laboratories, which 
also provides a clear path for how this work will improve product development. Overall, it is a very good 
collaboration, with clear benefits to ABF and industry at large. 

PI RESPONSE TO REVIEWER COMMENTS 
• Response to reviewer 1: Three clarifications: (1) The current workflows implemented at PNNL and 

LBNL are not approaching the throughput capacity potential of the approach. At this point, throughput is 
not limited by the UPLC-MS technology, but by the demands of the strain production.  
(2) The current workflows have been designed and demonstrated on three separate MS platforms (triple 
quadrupole, quadrupole time-of-flight (QTOF), and ion mobility-QTOF). However, they are not all 
required; any one alone will produce actionable data. (3) Machine learning models have been 
demonstrated based on existing data that have a 70%–80% accuracy rate. As additional data are gathered 
and new, improved machine learning models are developed and refined, this will only improve.  

• Response to reviewer 2: We appreciate the supportive comments.  

• Response to reviewer 3: The current workflows implemented at PNNL and LBNL are not approaching 
the throughput capacity potential of the approach. In a related project, a throughput of 1,000 samples/day 
has been demonstrated. At this point, throughput is not limited by the LC-MS technology, but by the 
demands of the strain production.  

• Response to reviewer 4: Method selection based on preliminary machine learning models has been 
demonstrated using existing data that yield a 70%–80% accuracy rate. As additional data are gathered 
and new, and improved machine learning models are developed and refined for our final milestone, this 
will only improve. The ABF test mass spectrometry-based omics workflows utilize technical and 
biological replicates for quality control measures and statistics. Likewise, the accuracy, precision, and 
reproducibly of measurements from these new metabolomic workflows are evaluated with technical 
replicates (repeated measurements of the same sample) and biological replicates (parallel measurements 
of distinct samples) across time course experiments for different host organisms.  
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• Response to reviewer 5: Unfortunately, it appears the close and ongoing collaboration between Agilent 
and PNNL/LBNL/Sandia was not sufficiently communicated. To clarify, semiweekly meetings were 
held during the initial development stages. Analytical methods were transferred from Agilent to the ABF 
test/learn partners at PNNL, LBNL, and Sandia. As implementation and testing progressed, frequent 
interaction took place to refine and troubleshoot methodologies. Initial machine learning models were 
implemented at Agilent using PNNL omics data, and current work is underway with machine learning 
models being developed and refined at Sandia, so the collaboration has been very active and in both 
directions. 
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ABF Industry Engagement Lab Call—TeselaGen 
TeselaGen 

PROJECT DESCRIPTION 
Companies are facing enormous challenges 
accelerating their synthetic biology efforts. 
Computer-aided design and manufacturing are taking 
an ever-increasing role in the forward engineering of 
biology. Efforts to close the design-build-test loop 
while incorporating a machine learning-based “learn” 
step require better data management and control. 
Experience in both academic and industrial biofoundries has shown a real need for a much better approach to 
fighting “data-dispersal,” where valuable data are generated on a plethora of laboratory devices without much 
attention to bringing the data together into an organized cohesive whole. TeselaGen Biotechnology is a 
synthetic biology software company that has developed a powerful, AI-driven, cloud-based, computer-aided 
design and build platform for accelerating synthetic biology. TeselaGen’s platform is well suited for working 
with a diverse set of bacterial, fungal, and plant genomes. We plan to partner with the ABF, including staff at 
LBNL, Sandia, and PNNL to develop new bioinformatic capabilities that will enhance various tools developed 
at the national labs (e.g., BOOST, BLiSS, EDD). These developments will advance all aspects of the DBTL 
biomanufacturing cycle. We plan to integrate these new enhancements into TeselaGen’s platform and evaluate 
emerging TeselaGen functionality against ABF workflows in the interest of significantly increasing ABF 
operational efficiency. 
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COMMENTS 
• For management of this project, the team seems to be well integrated and meeting frequently. In 

addition, having interviews with commercial users as a subtask of Task 3 will help ensure that the 
technology developed addresses unmet needs of the industry. The example given on slide 18 of a 
decision to recreate the EDD test functionality from scratch in TeselaGen, rather than make the existing 
EDD compatible with TeselaGen, seems to be an example of a well-functioning cross-stakeholder 
management team. The approach seems sound and has the potential benefit of enabling outside 
commercial entities to have access to the innovative computer programs and algorithms developed in the 
national labs via a more user-friendly and well-supported interface (in TeselaGen’s software). One thing 
that was totally unclear from this presentation and others is how the raw data are subjected to processing 
and quality control before being uploaded into the EDD or its analog within TeselaGen; one would hope 
that this data processing could also be automated, but that was not mentioned in the talks from ABF, 
Agilent, or TeselaGen (as far as I can recall). Agilent said something about various Skyline apps, but 
according to my colleagues this labor-intensive data processing is still done largely manually at most 
organizations and is error-prone and creates risks. The impact seems high for several reasons. First, the 
potential for an integrated, user-friendly, well-supported platform to provide access to the DOE 
computational tools could be helpful for many companies and nonprofit researchers in this space. 
Second, the company partner (TeselaGen) has some contracts already for their software, demonstrating 
the commercialization potential, and is also soliciting feedback from their customers on what they need 
and want. Third, the September 2020 publication illustrates how these approaches have been used to 
improve strains. While the project team is on track with delivering all their milestones plus an additional 
one, the outcome is disappointing, in that the integration between DOE tools and TeselaGen is more 
limited than originally envisioned. In the end, it seems that none of the tools (EDD, BLiSS, BOOST) 
will be integrated into TeselaGen and actually offered to their customers. EDD functionality was 
recreated in TeselaGen, which is fine. However, BOOST will not be part of TeselaGen due to separate 
licensing and commercialization activity, and BLISS is “difficult to integrate.” Given the difficulties 
with integrating BLiSS and BOOST, what proportion of the work in this proposal provided lasting 
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value? Were there side benefits, for example, did the new features in the DOE software help them with 
other activities they are pursuing, independent of TeselaGen? 

• I see the benefit to TeselaGen by getting access to lots of real-world data to test and train their systems 
on, as well as connection to companies and endpoint users outside of academia. TeselaGen commented 
that the ABF was very practical, goal-oriented, and therefore a great partner. I see the benefit to ABF to 
“demonstrate ABF functionality integrated into TeselaGen’s platform with industrial partners” as well as 
“evaluating emerging TeselaGen functionality support for ABF workflows.” What was not clear from 
the presentation is how ABF/BETO sees this work continuing in the future and further deployment 
within the ABF. As outlined in slide 17, there are major differences between a private company and 
publicly funded ABF. It was not clear in the presentation how these differences were resolved or plan to 
be resolved. On slide 18 it says, “It was taking longer to make TeselaGen’s TEST module compatible 
with EDD than to simply recreate EDD functionality de novo. TEST is written in pure JavaScript from 
front to back, using NodeJS as a backend. EDD is written in Python. With the guidance of the EDD 
team, it was decided to simply rebuild EDD functionality in TeselaGen’s TEST module in pure 
JavaScript for speed and tight integration with advanced web technologies.” How does this advance 
EDD and public release of tools, if advances made in the DBTL cycle are within TeselaGen’s software? 
Strongly agree with the conclusion that BLiSS is important from a public safety point of view, and DOE 
should support BLiSS and make it freely available to trusted parties through a web service. This will 
need to be done in EDD and be made fully public. “BOOST” has useful code but is protected by a 
license agreement. We will be happy to implement when we have pull from customer. In the meantime, 
the developer started a company to commercialize BOOST, which may make integrations easier.” Who 
owns the license (TeselaGen or ABF)? Is this a problem for TeselaGen or ABF? Again, this speaks to 
the seemingly unresolved issues of this particular private/public collaboration. It is hard to see what is 
going to motivate TeselaGen to deploy this work if they will not profit from it. In the review discussion, 
TeselaGen even said that it felt like they were doing work for the ABF and not the other way around. 

• It seems like the management of this program was adequately handled between TeselaGen and LBNL; 
the presentation described a pretty significant shift of approach (away from making a generic 
framework) at a decision point, but it seemed that the reasoning behind this change was sound. On 
approach, I think there are substantial risks that upgrading BOOST and BLiSS to better integrate with a 
single company’s products will make those tools less useful for the rest of the industry, and was 
surprised to see this approach accepted by ABF. On impact, while better software tools for biotech are 
certainly needed, and the impact on commercialization of TeselaGen’s product was evident, I did not 
find the efforts to make sure this is of generalized commercial relevance were adequate. The specifics of 
the progress were not entirely clear to me from the presentation, but it seemed that the goals were 
accomplished on the set timeline. 

• Strengths: The team has provided a unique strategy to integrate ABF’s design and learning capabilities 
that can largely enhance the team’s efficiency. The project has a clear management plan. TeselaGen has 
attracted several industrial customers, demonstrating its impact to biomanufacturing industry.  

• Weakness/area for improvement: There are a lack of quantitative outcomes to evaluate the progress and 
impact of this project. 

• The goal of this project with TeselaGen is to integrate a series of ABF software and data repositories into 
the commercial TeselaGen software platform. The ultimate goal is to use ABF data sets to drive machine 
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learning approaches to strain engineering. The management of this project is well outlined, with frequent 
interactions between TeselaGen and ABF. Previously unforeseen roadblocks were quickly identified, 
and the project adjusted. The impact of this project is high to the general bioindustrial community, as 
TeselaGen will distribute the software in a more user-friendly platform. The impact of the project on 
TeselaGen is also high, as it will allow its customers to use advanced machine learning algorithms for 
protein engineering. The impact on the ABF is high as their software and data sets will be used by 
scientists outside the ABF. The progress of this project is good, taking into account the pivot required 
early on in the project due to incompatibility of operating systems. 

• This DFO is interesting in that it had the effect of kicking the tires on ABF software to evaluate its 
accessibility and utility to a company. The focus was on integrating BLiSS, EDD, and BOOST with 
TeselaGen’s synthetic evolution platform. The return on investment of this project was difficult for this 
reviewer to evaluate. There was little description of how the goals (slide 11) were specifically met and 
what was learned, with the exception of the explanation of mid-course corrections on Tasks 2 and 3. The 
fact that it was deemed preferable to re-implement EDD was a troubling indicator of its general utility, 
which should be addressed on the ABF side. In slide 26, most tasks are noted as completed, but task 
changes are described in the following slides, and tasks are listed as incomplete in slide 30. This 
reviewer would like to have heard more about the advanced visualizations, BOOST enhancement, and 
deployment with and feedback from industry partners. The impact section should have focused on the 
impact of this specific effort. 

• This project aligns well with the ABF mission: to create improvements in in-house technical capabilities, 
get a better understanding of how to improve the DBTL cycle, and incorporate industry standards into 
ABF processes. The project tasks are nicely aligned with the intent of ABF’s mission as well, to provide 
a coordinated test and learn experience to augment existing process management and increase data 
management and analytical capabilities. Overall, this is a complementary effort to the ABF’s overall 
effort. What is difficult to understand are the actual metrics. While TeselaGen indicates that the metrics 
are driven by their bottom line, it is not clear how ABF is actually improving its capabilities. 
Publications are not a metric of performance. It is not clear what the benefits are in terms of successful 
outcomes of the project. 

PI RESPONSE TO REVIEWER COMMENTS 
• The reviewers’ questions and comments are fair and reasoned. We attempted to be open about our 

engagement, which we enjoyed and found to be productive. We appreciate the reviewers’ equally frank 
comments. One comment was that we were vague about quantifying the results of the engagement or 
inconsistent in our reporting. We attempted to quantify in terms of milestones and goals met, and we feel 
that we were successful against all of our goals, with the possible exception of adding additional 
visualization to EDD/TEST. This was a debate because very good tools exist outside of EDD/TEST for 
data visualization, so we focused on integration with those tools instead of recreating them yet again. 
Our TEST integration with Jupyter Notebook and the visualization available there is excellent, but we 
now realize that some simple immediate feedback visualizations could be useful and indeed are under 
development. We should note that in response to the comment about a lack of focus on automated data 
processing ... good catch! This is a difficult subject but one that TeselaGen has spent the better part of 
the last 24 months working on. These data pipeline issues are being worked on in a number of settings; 
there are expensive general commercial solutions such as Databricks that are aimed at large-scale data 
mining and machine learning, and highly focused solutions like TeselaGen for biotechnology 
applications where the language of biology rather than that of commerce must be spoken fluently. Our 
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solution has been to roll out an integration server in addition to the usual application programming 
interface (API)/command line interface (CLI). This advanced integration server has made integrating 
with any data source/sink with an API a much more straightforward and supportable task. We have 
demonstrated its capabilities by integrating TeselaGen with JBEI ICE and many other software tools and 
databases. We would be happy to demonstrate the power of this approach to those interested. Some of 
the critical comments perhaps reflect the reality of any private-public collaboration, particularly with 
software, where companies are faced with existential decisions about priorities and resource allocation. 
There is a good deal of confusion both in commercial software companies and in academia about what 
should be an open-source tool or resource and what is more appropriately developed privately. In 
general, we have found that the creation of discrete tools like j5, BLiSS, BOOST, and ART if well 
modularized and wrapped in an API can be successfully licensed or just made open source. More general 
infrastructure platforms like EDD are more difficult because they themselves are a composite of many 
different open- and closed-source tools and may not be as efficiently maintained or deployed as 
commercially built software. We are quite happy to use tools like BLiSS and BOOST within our 
platform for that reason. We may have left an erroneous impression that we did not intend to do so. We 
think BLiSS should be well supported and made available at cost. BOOST is also useful, but the market 
is small. If customers have the need, we are happy to implement BOOST tools into the TeselaGen 
platform. EDD was just a tough decision, but I think the correct one for TeselaGen as a software 
company.  

• The role of EDD is different from those of BLiSS and BOOST. It is essentially a cloud app with a web 
and API interface to a structured database used to support machine learning exercises. As such, it is 
much closer to a commercial software product, and the design choices the EDD team made were not 
compatible with the choices that TeselaGen made. That does not mean that EDD is not appropriate as an 
in-house solution for an academic setting, but it is not really something that a commercial company can 
scale and support unless they have made exactly the same architecture and framework choices across 
dozens of possibilities. Our feeling is that EDD is a legitimate choice in an academic setting, whereas the 
TeselaGen TEST module might be more appropriate for industrial applications. In general, we greatly 
value the interaction with cutting-edge academic and national lab investigators and developers. Every 
engagement does not have to be flawless; I would not trust one that was! 
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INTRODUCTION 
Biochemical Conversion and Lignin Utilization is one of 12 technology areas that were reviewed during the 
2021 Bioenergy Technologies Office (BETO) Project Peer Review, which took place virtually March 8–12, 
15–16, and 22–26, 2021. A total of 26 presentations were reviewed in the Biochemical Conversion and Lignin 
Utilization session by five external experts from industry, academia, and other government agencies. For 
information about the structure, strategy, and implementation of the technology area and its relation to BETO’s 
overall mission, please refer the corresponding program and technology area overview presentation slide 
decks, which can be accessed here: https://www.energy.gov/eere/bioenergy/2021-project-peer-review-
biochemical-conversion-and-lignin-utilization. 

This review addressed a total U.S. Department of Energy (DOE) investment value of approximately 
$54,311,484, which represents approximately 8% of the BETO portfolio reviewed during the 2021 Peer 
Review. During the Project Peer Review meeting, the presenter for each project was given 30 minutes to 
deliver a presentation and respond to questions from the Review Panel.  

Projects were evaluated and scored for their project management, approach, impact, and progress and 
outcomes. This section of the report contains the Review Panel Summary Report, the Technology Area 
Programmatic Response, and the full results of the Project Review, including scoring information for each 
project, comments from each reviewer, and the response provided by the project team.  

BETO designated Ian Rowe as the Biochemical Conversion and Lignin Utilization Technology Area Review 
Lead, with contractor support from Chidiebere Agwu (BGS). In this capacity, Ian Rowe was responsible for all 
aspects of review planning and implementation. 
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BIOCHEMICAL CONVERSION AND LIGNIN UTILIZATION REVIEW 
PANEL SUMMARY REPORT  
Prepared by the Biochemical Conversion and Lignin Utilization Review Panel 

INTRODUCTION 
The BETO program in Biochemical Conversion and Lignin Utilization is focused on two primary aims: (1) 
developing new approaches to separate and valorize lignin and lignin-derived products with the goal of 
increasing their value when compared to current uses as fuel; and (2) developing biochemical conversion 
processes for transforming lignocellulosic biomass into different fuels and chemicals. The lignin valorization 
projects ranged from using different lignin fractions as a direct replacement for existing products to the 
conversion of lignin monomers into new and existing products using both chemical and biochemical 
approaches. The biochemical conversion projects include strain development and engineering, improved 
methods for biomass pretreatment, enzyme development for saccharification, fermentation process 
development and optimization, cell-free technologies, and the development of analytic and modeling tools for 
processes characterization and optimization.  

The program incorporates both applied and fundamental objectives focused on answering the scientific and 
engineering questions necessary for reaching the overall goal of producing lignocellulosic biofuels at a cost of 
$2.50 per gallon gasoline equivalent (GGE) by 2030. This goal drives the research program, with each project 
within the portfolio displaying a clear understanding of the goal and directing their research—both 
fundamental and applied—towards achieving it. A significant strength of the BETO program is the handoff of 
these cost and operating goals to research teams within academia and industry. BETO, to their great credit, is 
supporting a number of parallel research approaches for meeting these goals, reflected in the 26 projects being 
evaluated as part of the peer review. 

BETO’s multifaceted approach to cracking these problems by supporting multiple approaches to lignin 
valorization and biomass conversion is commendable: catalytic, thermochemical, and biological 
transformations; whole-cell and cell-free fermentations; and batch and continuous processing, with outstanding 
science supporting the molecular-level understanding of these processes and technologies. The program also 
allows for both success and failure. This is consistent with the continued evolution of BETO from an industry-
only focus to one that supports fundamental work and science as long as the case can be made for such work 
having an impact on the overall goals of the program. The close integration of science, economics, and 
application has become a hallmark of the program, able to provide significant advances in knowledge while 
still attracting commercial interest. As pointed out in the techno-economic presentation, BETO is not trying to 
put all of their eggs in one basket. The approach makes sense, and the management team should be 
congratulated for the directions they are taking in biomass conversion and lignin valorization. 

While most projects are related to improving unit processes within specific technology paths, there is a solid 
mix of projects that are exploring new technologies. This is healthy since the currently envisioned critical path 
technology may not be the preferred one in the future. Specific examples of this are the “lignin first” concept, 
which would require rethinking current technologies for biomass pretreatment and deconstruction for the main 
purpose of improving how to make small chemicals from lignin, and cell-free technologies, which would 
bypass the challenges of using living organisms for biomass conversion.  

Overall, the program is well managed with most projects meeting or exceeding their milestones, which all have 
clear relevance to the overall program goals. More importantly, BETO has course-corrected projects that got 
off to a slow start and incorporated feedback from previous reviews. This clearly indicates that BETO is taking 
an active role in managing their research portfolio. 
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STRATEGY IMPLEMENTATION AND PROGRESS 
Techno-economic analysis (TEA) – The broad application of TEA is a key strength of the BETO portfolio, 
especially for the projects funded at the National Renewable Energy Laboratory (NREL), where it has been 
used to select different target products and processes. However, greater clarity around the methodology for 
TEA would be helpful. A number of the projects presented TEA results that discussed sales prices, current 
market values of products, or the minimum sales price needed to achieve or have a significant impact on the 
dollar-per-GGE target. What was not clear is what the production cost of the targeted materials would be. This 
would appear to be a critical component of the TEA methodology, but production cost estimates were only 
explicitly shown in the Texas A&M project. The market determines the sales cost, which varies depending on 
demand, but the technology determines the production cost, which may show much less flexibility. If a 
stakeholder is investigating potential new products or approaches, they would be most interested in how much 
it will cost them to make the new product in comparison to conventional approaches. The sales cost is of less 
interest.  

In addition, there was a lack of information regarding mass balances. For example, only a small portion of the 
isolated lignin is being converted to a product, and a smaller fraction is captured in the final product. Do these 
lignin conversion efforts run into a problem of diminishing returns as more and more mass is lost in each step? 
Mass balances will provide not only a better understanding of the process, but also help understand the product 
and coproduct mix and identify plant discharges (air, water, solids for landfill). This type of information is 
consistently missing from the projects and can be provided in a simple Excel sheet or table. 

If we use the model of distributed biorefineries as the baseline, how can multiple efforts and capital investment 
dispersed around the biomass-generating portions of the United States compete with a single plant near 
Houston grinding out huge amounts of material from a single location? Perhaps such assessments are buried 
within the TEA approach. 

For some early-stage technologies, detailed TEA is unnecessary. Perhaps a hierarchical approach to process 
design and economics would be more useful, where gross calculations are performed for low-technology-
readiness-level (TRL) projects and more detailed analyses for higher-TRL projects. Finally, greater 
transparency regarding the governing assumptions would be helpful. 

Life cycle assessment (LCA) – The emphasis on using technical and economic targets is valuable to help 
compare projects and have them working towards a common goal. However, a perceived gap in the portfolio is 
the application of LCA as a guide for whether a given technology is sustainable and will have environmental 
benefits. Examples of this are included in the current portfolio (e.g., too much use of NaOH is not sustainable), 
but many other projects would benefit from LCA. In particular, the cell-free projects come to mind as projects 
for which LCA may be very useful to either promote the technology or curtail the extent at which it is 
evaluated as part of the BETO portfolio. Using LCA could avoid claims such as cell-free processes having no 
CO2 emissions. This may be true for a specific pathway, but certainly not true when one considers the energy 
needed to make enzymes, cofactors, etc. 

Cell-free technologies – BETO is funding three projects involving cell-free systems. These technologies are 
promising because they potentially avoid many of the complications associated with using living organisms. 
At the simplest level (as illustrated by the project led by Northwestern in collaboration with LanzaTech), these 
systems can be used to rapidly test different enzyme combinations for pathway optimization. The rationale and 
impact in this instance is clear: These systems accelerate the design process by minimizing the amount of 
tedious genetic engineering required. In addition, the Northwestern/LanzaTech team was able to demonstrate 
that results obtained with cell-free systems derived from E. coli lysates correlate well with whole-cell results 
obtained with Clostridia. In addition to providing an enabling technology for accelerating the design process, 
BETO also funded two projects using cell-free systems to directly produce 2,3-butanediol (BDO) (at NREL) 
and isobutanol (at Invizyne). Both teams have made remarkable progress and were able to obtain impressive 
results at the bench scale. The review team, however, was skeptical whether such processes could produce 
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their target products at competitive prices and at scale due to the associated cost of producing the requisite 
enzymes. To be clear, both teams were cognizant of these challenges. Lacking were any data to rationally 
frame this discussion. In other words, no one had a clear idea whether such systems would be economical or 
not. Going forward, if BETO plans to continue funding projects using cell-free systems as the production 
platform, they are advised to invest in projects focused on scaling up cell-free systems. The promise has been 
established, in no small part due to current investments from BETO in the promising technology. The next step 
should be to determine whether these systems can produce bulk chemicals and fuels economically at scale. In 
addition, identifying the right product targets, while challenging, will allow BETO to focus its resources on 
more near-term opportunities that can validate this approach and achieve early commercial successes. 

Pretreatment – In contrast to the excellent variety of approaches being explored to reach the BETO GGE goal, 
one area where it appears that the choices have been limited is the front end of BETO’s putative biorefinery. 
Corn stover has a long history at NREL, and has in more recent years been combined with deacetylation and 
mechanical refining (DMR) for initial pretreatment. Nonetheless, it would be helpful to know why other 
pretreatment processes do not seem to be in the mix or see very limited emphasis. It is not clear whether any 
commercial efforts outside of BETO use this technology for lignocellulosic conversion. What happens if this 
process is not what the general lignocellulosic biofuel industry ultimately chooses? It would be helpful to 
know of specific industrial interest in order to put this concern to rest. 

Enabling technologies – BETO funds a number of project within NREL that provide supporting services. 
These services (analytic, TEA, modeling, scale-up) provide clear value by taking advantage of the unique 
expertise and capabilities within the national labs. They are also led by leaders in their respective fields and 
their work is recognized globally. The narrow focus of these projects is perhaps a missed opportunity because 
they could also provide equal value to the field in general and not just projects funded within NREL.  

Chemicals to fuels – The review committee questioned the logic of converting cellulosic sugars into high-value 
chemicals (e.g. 2,3-BDO, butyric acid) and then downgrading them into fuels. Perhaps there is a reasonable 
and economically justified rationale, but it was difficult to see this from the presentations. The powerful TEA 
methodology in the program should be flexible enough to allow evaluation of multi-product scenarios, and to 
determine a profitable balance between fuels and chemical products from both carbohydrates and lignin. 

Innovation – While many projects will advance knowledge, it is hard to gauge impact and outcomes without an 
active engagement by industry. Since many of these projects can be classified as a better fit by providing proof 
of concept and therefore have high inherent risk, they need to be evaluated based on their potential for 
disruption. By definition, a disruptive innovation is an innovation that creates a new market or can eventually 
disrupt an existing market, thereby displacing established market-leading firms, products, and alliances. 
Judging by the current 26 projects evaluated, some projects fit into one of these two categories. It has to be 
recognized that the path to commercialization goes beyond technological breakthroughs, as there are market, 
regulatory, and economic hurdles to overcome. While many projects identified companies or indicated interest 
by industry, there is little evidence that the industrial partner is actively engaged in these projects and are 
providing in-kind support or guidance to the projects. Projects that fund startup companies and businesses do 
not provide an indication of commercial plans and timeline. For this reason, it is hard to comment on 
commercial viability.  

Fundamental versus applied science – From the plenary presentations, there is a clear philosophical change 
underway at the highest levels of BETO management. Specifically, DOE’s focus on jobs, decarbonization, and 
climate change will increase the emphasis on applied science and demonstration projects. Historically, this 
type of change has been to the detriment of the fundamental science that BETO has worked so hard to 
incorporate. Statements during the plenaries such as “we have to get the scale-up going,” “we will have to see 
the development of jobs,” and “we have done enough fundamental and applied work to put us on the 2050 
path,” along with a rejuvenation of pre-pilot and pilot work, strongly suggest that fundamental work may be 
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reduced. Obviously, these high-level decisions are outside of BETO's control, but the program could strategize 
about how to maintain a science-driven effort while addressing potential new directives for deployment. 

Moreover, it is clear that bioenergy is a unique field of study. By working in bioenergy, one is necessarily 
linked to the eventual development and deployment of technology for industry. But having industry 
development as a goal does not mean that the need for fundamental science is reduced. The entire experience 
of BETO at the national labs with their greater inclusion of fundamental science over the last 15 years 
graphically illustrates what can be learned and implemented in a science-driven program. BETO is in a unique 
position to make this happen. The Basic Energy Sciences program will not fund such work because it is not 
fundamental enough. Industry will not fund it because it is too risky and they do not want to be the first to 
invest in high-risk efforts. BETO provides the bridge that others cannot or will not develop and allows study of 
new technology for others to consider and implement. There is nothing wrong with demonstration efforts, but 
the only way that one reaches that point is through a strong scientific foundation, both in fundamentals and 
applications. 

Therefore, this should not become an either/or for fundamental research versus applied science and large-scale 
demonstrations. The most powerful combination of activities for BETO would be the retention of the strong 
scientific program that BETO has built while advocating for new projects to support what appears to be a 
strong administration interest in large-scale demonstration. 

Conclusion – BETO’s program in Biochemical Conversion and Lignin Utilization has developed a strong 
portfolio with compelling scientific and engineering goals. The overall portfolio provides a good balance of 
fundamental and applied projects along with investments in a number of high-risk, high-reward projects. The 
targets based on techno-economic analysis, scaling up, and achieving future goals for the minimum selling 
price of transportation fuels is unique and fills an important niche in de-risking potential technologies for 
lignocellulosic biorefining. The portfolio is also well managed, with most projects meeting or exceeding their 
target milestones. Lastly, the program should strongly consider embracing LCA as an important metric to 
evaluate the sustainability of the proposed technologies since cost is not the only variable that will play an 
important role in the future of the lignocellulosic biorefining industry. 

RECOMMENDATIONS 
Recommendation 1: There is a perceived gap in the portfolio in the application of LCA as a 
guide for whether the technologies being explored are sustainable and will have 
environmental benefits. The panel recommends an increased emphasis on using LCA to 
inform direction. 
Recommendation 2: There is a lack of clarity around the way in which prices, costs, and 
mass balances are communicated in BETO’s economic analyses. There is also an 
opportunity for TEA capabilities in the portfolio to be used to assess product streams that 
go beyond simply generating fuels, and instead include other, more valuable products. The 
panel recommends greater clarity in TEA methodology and allowing flexibility in these 
analyses such that BETO can consider multi-product scenarios. 
Recommendation 3: BETO has a long history of investigating DMR as the main method of 
biomass pretreatment for the front end of a biorefinery. However, the justification for the 
emphasis of this strategy at the exclusion of other pretreatment methods has not been 
clear. The panel recommends that BETO clarify the reasoning behind choosing DMR while 
also increasing the industrial involvement in the development of this pretreatment process. 
Recommendation 4: BETO has built a portfolio that contains a significant amount of lower-
TRL scientific research that is not being done by industry. The panel recommends that 
BETO develop a strategy to maintain a balance between more fundamental science work 
as it endeavors to increase technology deployment. 
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BIOCHEMICAL CONVERSION AND LIGNIN UTILIZATION 
PROGRAMMATIC RESPONSE 
INTRODUCTION 
The Conversion Program expresses its immense gratitude to the reviewers for their feedback, 
recommendations, and all the time and effort put forward in the 3-day virtual review process and the 
subsequent debrief sessions. The reviewers stated that the diverse investments made by BETO in Biochemical 
Conversion and Lignin Utilization research and development (R&D) are well structured and balanced between 
national labs, industry, and academia. The reviewers applauded the program’s integration of science with 
economic analysis and commercial interest. The panel specifically identified the strong TEA capabilities and 
their broad application across the portfolio. However, they cautioned that at early stages, TEA can be an 
unnecessary activity that provides questionable information, and that transparency in such analyses is key. 

The Review Panel specifically highlighted the willingness of the program to invest in fundamental 
technologies that have a longer time horizon. This was seen as a strength of the portfolio. Specifically, the 
reviewers pointed out the work in cell-free technologies for developing fuels and products as an example of 
early-stage technology that shows promise in no small part to BETO investment. Reviewers stated that these 
technologies were in need of exploration at larger scale to determine if they are industrially viable. 

The panel pointed toward more strategic industrial involvement as an area that could help ensure that the 
innovative work occurring in the portfolio has an impact in the market. The commercial viability of many 
technologies go beyond just hitting certain cost targets, and digging into what makes a technology 
commercially viable in collaboration with stakeholders was seen as an area that needs improvement. Similarly, 
the panel suggested that analyses done within the program should allow for flexibility beyond just producing 
fuels from biomass and instead evaluate scenarios that explore converting lignin and sugars into chemicals and 
products. 

Recommendation 1: The panel recommends an increased emphasis on using LCA to 
inform direction. 
The program wholeheartedly agrees with this guidance from the panel. Most of the goals associated with 
BETO efforts are related to metrics like titer/rate/yield or more encompassing objectives like hitting a certain 
dollar-per-gallon target. BETO is actively exploring officewide targets that more accurately describe the 
sustainability benefits of BETO technologies, such as those related to reductions in the carbon intensity of 
fuels and products. 

Recommendation 2: The panel recommends greater clarity in TEA methodology and 
allowing flexibility in these analyses such that BETO can consider multi-product scenarios. 
The program concurs with the need for clarity in TEA methodology. The program endeavors to align TEA 
efforts across the portfolio such that assumptions are consistent and methodology is the same. The program 
acknowledges that clarity around selling price versus production cost is essential to understanding technology 
advances, and BETO commits to communicating this more accurately. Finally, the program strongly agrees 
with the reviewer recommendation to explore multi-product scenarios. BETO acknowledges that examining 
product choices other than fuels is essential to understanding the full potential of technologies advanced by 
BETO. The potential of products/coproducts to enable fuels is something that BETO is actively studying. 
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Recommendation 3: The panel recommends that BETO clarifies the reasoning behind 
choosing DMR while also increasing the industrial involvement in the development of 
pretreatment processes. 
The program greatly appreciates the reviewers’ feedback on biomass pretreatment and agree with their 
recommendation on industrial involvement. BETO considers that certain advantages of DMR, such as the 
quality of the resulting lignin and that it doesn’t require high pressure, make it a method that avoids some 
barriers of other pretreatment strategies. Additionally, BETO agrees with the importance of industrial 
collaboration in pretreatment and is actively pursuing it. The recent Affordable, Clean Cellulosic Sugars for 
High-Yield Conversion topic area from the fiscal year (FY) 2021 Scale-up and Conversion funding 
opportunity announcement seeks applicants with technologies for producing cellulosic sugars and is open to a 
wide array of pretreatment strategies. 

Recommendation 4: The panel recommends that BETO develops a strategy to maintain a 
balance between our more fundamental science work as it endeavors to increase 
technology deployment. 
The program strongly agrees with and appreciates the reviewers’ assessment of the importance of lower-TRL 
technologies. While the shift toward demonstration and deployment is a focus of BETO, the need for 
fundamental research on many early-stage technologies persists. BETO endeavors to balance the TRL of 
research needed to achieve its goals. 
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BIOCHEMICAL PLATFORM ANALYSIS 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
The objective of this project is to perform TEA to 
guide Biochemical Platform efforts, utilizing models 
for purposes of setting future R&D targets and tracking 
performance progress against those targets. Outcomes 
of our work are leveraged by BETO to guide program 
plans, as well as by other NREL/partner projects to 
quantify the impact of research on key technology 
barriers and to prioritize future efforts. 

This project provides high impact and relevance by establishing “bottom-up” TEA models as a basis for 
understanding the technical feasibility to meet “top-down” BETO cost targets. By providing a framework to 
translate technical performance to cost reductions in a biorefinery, our TEA models may be leveraged to 
maximize the efficiency of research funding towards the most economically impactful priorities, ultimately in 
support of BETO’s 2030 fuel cost targets below $2.5/GGE. In order to mitigate a key risk/challenge to this 
project in overly constraining our analyses to a singular technology focus or TEA metric, our approach 
continuously reassesses opportunities for better optimization and alternative technology pathway options, 
while maintaining close interaction with other BETO analysis partners. We have made numerous recent 
accomplishments rooted around identifying and working with the researchers to solve key technical and 
TEA/LCA challenges, reflected through notable improvements in state-of-technology (SOT) updates over 
prior benchmarks. 

 

WBS: 2.1.0.100 

Presenter(s): Adam Bratis; Ryan Davis; 
Zia Abdullah; Courtney 
Payne; Jessica Krupa 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $1,500,000 
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COMMENTS 
• Good management team with relevant experience. Communication plan and collaboration in place. Risk 

mitigation strategy outlined. Approach is good in helping to address challenges to cost-effective biomass 
pretreatment. Biomass hydrolysis and fermentation production of 2,3-BDO and organic acid production 
used as models. Challenges are inherent in technologies that have not been demonstrated at pilot and 
commercial scale. There is a need to work with industry to address scale-up issues. Widespread impact 
to policy holders and technology enablers is anticipated from this work. Good analysis is provided on the 
modeled two cases that confirm that current approaches to lignin monetization are challenging. So far, 
the best-case economic scenarios support burning lignin as providing the best economics. The results 
also confirm that using NaOH is a costly approach with greenhouse gas (GHG) implications. The 
modified two-stage Na2CO3/NaOH is interesting but may not be viable. The new approach using 
methanol/H2 using reductive catalytic fractionation (RCF) is a better option, as lignin is removed as an 
oil. Methanol is highly toxic to microbes, so would need to be stripped fully from solubilized fraction 
before fermentation. Are there better solvents to use (ethanol [EtOH], isopropyl alcohol)? These can be 
recovered and reused, and in case of EtOH is considerably less toxic to microbes. Overall, the team 
contributes well to the DOE program in highlighting costs and technology barriers. The downside is that 
the research work still needs to be done before good TEA/LCA models can be developed. 

• Strengths: The Biochemical Analysis program provides a vital crosscutting service function by assessing 
economic progress and opportunities that roll up to achieve the higher BETO program directions. Since 
one of BETO’s primary goals is to transfer the work to industrial stakeholders, a value proposition is 
necessary. The evaluation of each project provides that proposition and gives an entree for discussions 
with industry. The team notes that they try to keep all the eggs out of one basket, reflecting BETO’s 
philosophy of setting a single high-level goal (the $/GGE price) and their willingness to study multiple, 
parallel routes to achieving that goal. The emphasis on better integration of LCA with TEA is an 
improvement over 2019 and shows good progress in program direction. The increased LCA emphasis is 
also in line with the administration’s interests in decarbonization to reduce the effects of climate change.  
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Areas for improvement: The team relies primarily on Aspen Plus as a one-size-fits-all tool for TEA. This 
can take a long time to execute and is cumbersome for early-stage projects. Access to different levels of 
analysis would improve the program—for example, quick, back-of-the-envelope, best-case scenario 
evaluations that could be carried out in hours. The results generated by analysis need to be clearer and 
easier to compare to industrial standards. A primary issue is the lack of production costs for a fuel or 
chemical. Production costs (set by the technology) offer a much more useful means of comparing 
competing routes, and are easier to present to a potential stakeholder. Yet in this presentation and most 
others, various forms of sales costs (set by the market, such as minimum fuel selling price [MFSP] or the 
required sales price of adipic acid, sugars, BDO, etc.) are used for comparison. In some cases, sales costs 
for a single chemical product are applied to product mixtures (pyrolysis oils, Oak Ridge National Lab 
mixed alcohols), which will never generate the same sales cost as a pure material. Perhaps a production 
cost is buried somewhere in the analyses, but overall, the lack of a clear means of comparison can make 
the analyses appear muddled and less transparent. More information on the impact on $/GGE as a 
function of different balances between fuel and chemical production would be helpful. TEA should be 
flexible enough to move away from assuming that all carbohydrates will end up as fuel while lignin will 
supply chemical products to support the production of low-value hydrocarbons. The project would be 
strengthened if there were sensitivity analyses showing the effect on $/GGE if various levels of sugars 
were also sold as products (e.g., 10%, 25%, 50%), since the current fuel intermediates are marketplace 
products in their own right. The program would be further strengthened if the rationale behind the choice 
of chemical coproducts for inclusion in the evaluation was more clearly described (e.g., why adipic acid 
or BDO?). 

• The goal of the project is to provide process modeling and techno-economic analysis for the 
BETO/NREL projects. Overall, this is an extremely valuable service and a key/unique strength of the 
BETO/NREL portfolio. These activities should continue because they can help direct the various 
technology-focused projects to more realistic processes and molecules. Another key strength is outreach 
and dissemination. The team has also published a number of high-impact reports and models on the 
economics of lignocellulosic-based fuels. These activities should continue, and ideally expand. In 
particular, this is where the team can have real impact beyond the activities within NREL. It will also 
address some concerns regarding the calculated numbers, which some reviewers thought were overly 
optimistic. It would also be great to see the team expand into more comprehensive LCA. Lastly, TEA 
can provide clear milestones for go/no-go decision points. To really highlight the impact of defining 
these benchmarks, it may help to provide explicit examples of processes that are not feasible given 
current technology or never will be. This is where the real impact of the project is: eliminating promising 
but infeasible projects. 

• The project seems to be running quite well. The iterative approach TEA and optimization evaluations to 
drive R&D is a system with substantive merit. This systems bridge approach to guide technical targets is 
of value. Impact enhancement by generating tools, as opposed to reports, could perhaps be of 
consideration. There are many skillful and competent members within this consortium, and developing 
of a block model TEA tool for industrial applications, with discrete unit operation blocks tailored for a 
suite of processes, would be valuable and plausible. Acknowledging the challenges with TEA of novel 
technologies, which are not understood well at scale, well-understood feed streams such as excess wet 
mill, dry mill, cane sugar capacity could be modeled for near-term market impact. We can see that the 
lignin coproduct is a critical pinch point to the economics. Ideally, this could somehow be decoupled, as 
no viable pathways are currently operating to my knowledge. The technical and startup complexities 
with any of these proposed technologies are tremendous and are not transparent in the modeling effort. 
Content has to be limited due to the presentation window; however, more details related to the process 
would be helpful. In other words, was the TEA performed on the exact process that was deployed 
according to the process flow diagram? For instance, were commercial cellulases used in piloting while 
"on-site enzyme production" was modeled? Capital expenses (CapEx) reduction potential would also be 
insightful. The modeled processes shown generate revenue, and the returns on investment make sense on 
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paper, although $700,000,000 for a process producing 31 million GGE annually is a tough pill to 
swallow. Core technology changes might be necessary to decrease the impacts of economies of scale, 
allowing design of smaller systems. Industry will have a difficult time couching up that magnitude of 
capital. If possible, visibility of the “Credibility of Analysis” conclusions would be value added from a 
project review perspective. The nonlinear results for the 70/35 deacetylation catalyst loading slide, in my 
opinion, adds confidence to the data set, as a bad or off data point is believable. It is great to see that fuel 
targets were met in advance. Similarly, considering the new sugar catalyst pathway, it is great to see the 
higher GGE/ton yield due to higher carbon utilization. Good job team, thank you. 

• This project provides the TEA of the different lignocellulosic biorefinery processes being studied. It 
effectively serves as a connection point for setting economic targets for other projects seeking to enhance 
the value of lignocellulosic biorefinery applications. The project management is well done and there is 
evidence of interaction and communication with personnel from other related projects. The impact of 
this team on the development of the cellulosic biorefinery concept is without question. The TEA reports 
produced often become benchmarks that are used by others to compare their alternative approaches. The 
project uses the production of 2,3-BDO and organic acids as baseline cases for comparisons of year-to-
year progress against a 2030 benchmark of achieving an MFSP of $2.5 per gallon. These baseline 
analyses are effectively used to give targets to other projects such as those working on making 
coproducts from lignin, with adipic acid being the tested product. The analysis provides less clarity when 
attempting to display cases with coproducts, as assumptions are not easily identified. For instance, in 
order to achieve 2030 goals, there is a need to convert adipic acid production from adding cost to the 
overall cellulosic biorefining process to producing revenue. Productivity and percentage of lignin 
conversion are identified as the main drivers to creating a revenue-generating coproduct. Does this 
assume a fixed selling price for adipic acid? Is that selling price equal to the market price of adipic acid 
made from fossil fuels? It would be useful to have information of the production cost to compare to the 
market price more easily. Then, when evaluating the lignin-first process, the selling price of the lignin oil 
is a new target (in $/lb) instead of continuing using adipic acid as the target coproduct. The metric 
changes to the minimum sugar selling price (MSSP) (in $/lb) when evaluating NaOH replacement. Then, 
when evaluating sugar catalytic upgrading, the process diagram shows production of C14–C16 
hydrocarbon fuels plus adipic acid. Is adipic acid production fixed to 2030 goals to make the estimates of 
MFSP for the hydrocarbons? On a more general note, reporting in this and other connected projects 
could be improved if the alternative metrics used in other projects are also emphasized in this project. 
For instance, if the MSSP is a more logical metric for some projects to use, the reporting could benefit 
from information about the 2030 goal for MSSP that this project uses.  

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their insightful comments, and appreciate the recognition of the importance 

of this project in guiding NREL/BETO program directions. Regarding the comments around the TEA 
models solving for “production costs” versus “market values,” we would like to provide clarification that 
the TEA work conducted here in fact does solve for “production costs” as driven by the technology, 
based on underlying technology performance, yields, and associated capital/operating costs. This can 
then be compared against market values; for example, MFSPs calculated from the TEA models can be 
compared to market values for fuels, which are currently set at a fixed $2.5/GGE basis per BETO 
guidance across all platforms. Any coproducts (such as adipic acid from lignin) are set at market value 
prices, typically based on historical multiyear market price averages, to determine the resultant 
coproduct revenues they garner for the biorefinery. More information on our TEA methodologies and 
sensitivity analyses to factors such as coproduct market values and conversion performance metrics may 
be found in our design reports (https://www.nrel.gov/docs/fy19osti/71949.pdf).  

On the comment about making TEA more flexible for quick-turnaround analysis, we have been building 
several tools and methods for performing such higher-level/back-of-the-envelope analyses that don’t 
involve as rigorous (but time-consuming) Aspen Plus modeling. These typically are based on exercising 

https://www.nrel.gov/docs/fy19osti/71949.pdf
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the economic spreadsheet portions of the TEA models to adjust yields, unit operation 
inclusions/exclusions, input/output costs, etc. (although our TEA team also has built separate quick-
turnaround tools for newer/less-established concepts as well), which we leverage frequently to help 
answer “what-if”-type questions from researchers or BETO managers around process modification 
opportunities. Given inherently higher uncertainty in such analyses, these are typically used for internal 
purposes and are not published, and time was not available to cover such approaches in the presentation.  

To the comment about screening out infeasible projects, this type of analysis is also applied for that 
purpose, such as generating order-of-magnitude estimates to establish feasibility for early-stage concepts 
prior to extensive modeling when economic challenges are anticipated due to factors such as high-
severity operating conditions, high usage of a solvent, or high costs of a chemical co-feed.  

In response to the comment about also focusing on tools and not just reports, we have established several 
such tools over recent years for use by the public and industry partners. Two examples as mentioned 
briefly in the presentation include a public TEA sugar model 
(https://www.nrel.gov/extranet/biorefinery/aspen-models/, second set of files) and an Excel-based TEA 
tool to estimate the cost of biochemical intermediates over varying inputs for feedstock type, 
composition, cost, and conversion performance that does not require the use of Aspen (provided to an 
industry collaborator investigating opportunities for excess pulp mill capacity). We are also working to 
evaluate opportunities in the context of today’s existing industry resources—for example, to understand 
technology “bolt-on” possibilities to add cellulosic biomass processing capabilities to the front end of a 
Gen-1 facility (e.g., via DMR processing) and/or opportunities to switch to a new fermentation product 
with minimal redesign (e.g., 2,3-BDO), recognizing and fully agreeing that the capital expenses for such 
complex biorefineries as those described in our “design cases” may prevent implementation of such 
designs in the near term. 

  

https://www.nrel.gov/extranet/biorefinery/aspen-models/
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LOW-TEMPERATURE ADVANCED DECONSTRUCTION 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
The Low-Temperature Advanced Deconstruction 
(LTAD) project continues its mission to develop 
industry-relevant low-temperature biomass 
deconstruction/fractionation processes. These 
processes produce cost-competitive, low-GHG-
emitting, clean-sugar syrups and reactive lignin 
streams from relevant feedstocks to enable economic 
and environmentally sustainable production of 
biofuels and bioproducts. Previously, we have 
demonstrated >80% sugar yields with 12-mg enzyme protein per gram of cellulose using DMR corn stover 
substrates and achieved over 270-g/L monomeric sugars. To achieve BETO’s 2022 target of 90% sugar yields 
with 10 mg protein/g of cellulose, we have modified the DMR process by using a two-stage Na2CO3 and 
NaOH deacetylation, which allows us to achieve 90% glucose yield and 88% xylose yield. In addition, by 
reducing NaOH with a lower-cost and lower-GHG-emitting alkali (Na2CO3), the modified DMR process 
reduces MFSP by approximately $1/GGE in the FY 2020 SOT and reduces GHG emissions by about 22% in 
sugar production. In collaboration with Princeton University, we have developed a novel NaOH recovery 
system that enables high NaOH recovery, reduces NaOH usage, and produces renewable H2 by processing the 
waste organics in deacetylation black liquor. Feedstock variability was investigated in collaboration with the 
Feedstock-Conversion Interface Consortium using corn stover anatomic fractions to advance fundamental 
knowledge in the DMR process.  

 

WBS: 2.2.3.100 

Presenter(s): Adam Bratis; Xiaowen 
Chen; Zia Abdullah; 
Courtney Payne; Jessica 
Krupa 

Project Start Date: 10/01/2018 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $4,500,000 
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COMMENTS 
• Management team, research, and communications plans are adequate. Risk mitigation strategy is in 

place. Three parallel approaches used to address NaOH uses, as well as NaH recovery and the 
determination of feedstock variability. Impact is hard to assess, as the challenges identified by TEA/LCA 
done by the modeling group do not confirm cost-effectiveness and viability for the use of NaOH. Two-
stage Na2CO3/NaOH or NaOH/ozonolysis and operation can be challenging. TEA does not support the 
use of NaOH DMR as having a low GHG impact. The two-stage processes are promising but there is 
additional cost from additional unit operations. RCF looks more promising but comes at a significantly 
higher cost. The use of existing plant equipment may not be as easy as it sounds, as extra handling, 
storage, and costs of chemicals need to be factored in for existing ethanol plants. LTAD is a better fit 
than high-pressure/high-temperature specialized equipment that will require higher maintenance and 
cannot be operated easily in continuous mode. LTAD trades higher chemical/mechanical energy cost for 
lower chemical and higher energy cost and CapEx needed for specialized high-pressure reactors. NaOH 
recovery by microbial electrochemical technology still needs to be demonstrated at scale. This approach 
also comes at additional operational costs and risks associated. Progress and outcomes seem to be 
reasonable based on original assumptions made and targets. On the overall, having also reviewed this 
project in 2019, it seems that the research keeps identifying new hurdles, bottlenecks, and challenges. 
RCF seems to be a more viable approach to pretreat corn stover, as it has the potential to reduce GHG 
emissions, but it comes at a higher CapEx. Progress and timeline of this project need to be revisited, and 
it would be helpful to have a side-by-side of all pretreatment options with pros/cons with cost and 
material balance provided. 

• Strengths: This process is projected to generate a sugar with a minimum selling price of $0.25/lb, while 
lowering overall pretreatment cost by 30%. These would be significant improvements, as pretreatment is 
a major cost contributor to the overall price of the final biofuel. Importantly, the team has achieved their 
2022 targets early by demonstrating a 90% yield of glucose and an 88% yield of xylose via 10 mg 
cellulase/g cellulose. This has been translated into a $1/GGE reduction. The new approach also offers 
significant GHG and energy consumption improvements, specifically by employing the two-stage 
Na2CO3/NaOH treatment, with the best results being obtained by using less-expensive carbonate as the 
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primary pulping chemical. The team’s partnership with Andritz and Novozymes, two heavy hitters in the 
mechanical and enzymatic world, respectively, is a good addition to the project. On slide 17, the 
principal investigators (PIs) describe an approach to convert entrained syringaldehyde to 
dimethoxybenzoquinone, and then use a Diels-Alder reaction to generate naphthoquinones and 
anthraquinones. This is an interesting concept, but this exact transformation of monomers from lignin 
was first invented at the Solar Energy Research Institute (now NREL) between about 1989 and 1995, 
and was the subject of several publications. The goal of the early work was to make anthraquinone 
derivatives as pulping catalysts, and thus it would be interesting to see if anthraquinone would also 
improve LTAD, given its similarity to soda pulping. Alternatively, anthraquinone is used in the 
industrial production of HOOH, offering another opportunity for stakeholder discussions.  

Areas for improvement: The project is based on DMR as its baseline source of sugars and lignin. 
However, there is no evidence that the biorefining industry will adopt this as their front-end technology. 
This presents a risk to the program of developing a pretreatment process and downstream conversion 
technology that is internally consistent but not an industrial standard. Further, given the similarities to 
processes in the pulp and paper industry, it would be valuable to know the applicability of this approach 
to different lignocellulosic feedstocks, as corn stover may not be the feedstock of choice for the 
biorefining industry in different parts of the United States. It would be helpful to have a better idea of 
how deeply the industrial partners are involved. A willingness by the partners to build a demonstration or 
pilot plant around this technology would go a long way toward establishing DMR as a credible industrial 
pretreatment. The electrochemical approach for recovery of NaOH is a scientifically interesting and 
elegant approach for NaOH recycling. However, industry still sees electrochemistry as exotic and 
expensive. It would be helpful if the PIs could provide more information regarding the possible use of 
this approach at scale. The economic feasibility of this approach among a network of distributed 
biorefineries is also questionable, as the CapEx might be high. The team is investigating whether more 
value can be obtained from black liquor via biological transformation. Recycling of black liquor affords 
4 g/L of muconate after a week of treatment, which is a small amount. Mass balances evaluating the 
volume of black liquor needed at a commercial scale to generate this 4 g/L would be revealing, as it is 
unlikely that this amount of product would have a significant effect on biorefinery profitability. 

• The goal of this project is to develop a low-temperature deconstruction process for producing sugars and 
reactive lignin. The project is well managed with clear and compelling milestones. Overall, the team is 
making excellent progress with the DMR process. All milestones have been met or exceeded. It is also 
great to see the team starting to investigate feedstock variability, which was a concern raised at the 
previous review. In addition, the project is closely guided by TEA/LCA, as evidenced with the efforts to 
reduce NaOH usage by replacing it with sodium carbonate and developing a two-stage process. There is 
some concern regarding the use of microbial fuel cells for NaOH recovery. This project seems premature 
and will likely require multiple technological advances before it can be utilized in an industrial process. 
While it is great to see new technologies being explored, it is questionable whether this project provides 
the best mechanism. In particular, it may be better to focus on DMR such as further developing a 
continuous process. Lastly, it may help to provide more comparisons with existing deconstruction 
processes. This will address concerns about impact. 

• This project is improving the DMR process, which is a core biomass treatment process in the NREL 
model cellulosic biorefinery. Their goal is to achieve 90% sugar yield during enzymatic hydrolysis after 
DMR pretreatment using a new DMR-specific enzyme cocktail formulation at a loading of 10 mg 
protein/g cellulose. The team reported achieving these milestones, and with these achievements 
contributing to reducing the MFSP in the model cellulosic biorefinery. This is important progress. A 
specific emphasis in the project has been the reduction in NaOH utilization, which is viewed as 
improving the life cycle assessment of the DMR process. A promising approach was separating DMR 
into two stages, with the first stage using Na2CO3 instead of NaOH, and the second stage using a lower 
amount of NaOH. This was also achieved while maintaining the goals of 90% sugar yield and enzyme 
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loading of 10 mg protein/g cellulose. This progress is impressive, although from the data provided it is 
difficult to see how these improvements resulted in an MFSP reduction of almost $1 per gallon (i.e., 
$2.79 – $2.34 = $0.45 per gallon). A secondary approach to increase sugar yields from the DMR process 
was the use of ozone to enhance delignification after milling. Although the team reports this approach is 
effective at increasing sugar yields, it is likely that ozonation would reduce the quality of the lignin that 
is recovered after fermentation (i.e., more condensation occurring), negatively affecting the yield of 
lignin that could be converted to adipic acid, which is one of the requirements to make the 
lignocellulosic biorefinery ultimately achieve the 2030 goal of an MFSP of $2.5/gallon. It is possible that 
after ozonation, the recovery of products from lignin would need a different approach, such as products 
for jet fuel. Since the TEA of the lignocellulosic biorefinery is critically dependent on generating 
revenue from lignin, this project would benefit from a better integration with the Biochemical Platform 
Analysis project to evaluate whether this alternative to gaining value from lignin is economically 
feasible. A significant amount of effort has been placed on developing microbial electrochemical 
technology for the recovery of NaOH for reuse in the DMR process. Interesting progress has been made 
in this front. This is an emerging technology, and the project would also benefit from insights that a TEA 
could provide on whether this would be a cost-effective approach when scaled up, since microbial 
electrochemical processes have had many practical limitations for scale-up. The project would also 
benefit from insights from industry on whether electrochemical technology could be embraced as an 
essential component of the lignocellulosic biorefinery. Finally, the project uses a different metric than 
other projects for reporting TEAs. Instead of the analysis being based on the MFSP (in $/GGE), the main 
metric is the MSSP (in $/lb). The use of a different metric makes it difficult to make direct comparisons. 
Is there a direct correlation of the MFSP to the MSSP for a 2,3-BDO-producing biorefinery? Is there a 
target for the MSSP for sugar production that would lead to the 2030 target MFSP? Furthermore, it is 
indicated that the reported MSSP does not include CapEx. It would be important to improve the analysis 
to include CapEx, particularly for evaluating the contribution of scaled-up microbial electrochemical 
technology to the overall economic predictions. 

• Your project appears on track, and successful execution, progress, and outcome advancements have been 
substantial. The team has been successful at achieving GHG reductions, and by all visible measures the 
catalyst switch did not negatively impact the process. The project’s commercial partners are top-notch 
and speak to the project’s relevance. I see great inter-project collaborations within BETO and team 
diversity of fields. The track record for patents and publications resulting from this work is applauded. 
Direct engagement of the 2019 Peer Review comments is well received. I am happy to see the refiner 
plate redesign, and the feedstock anatomic fractionation could potentially lead to a major process 
breakthrough; this will be interesting work in due time. Similarly, the ozone efforts and theory regarding 
applications with renewable electricity and more recalcitrant biomass is interesting, but adding another 
$0.20 to the MSSP quickly blows the $0.25 target stated early in the presentation. The need for catalyst 
recovery looked to inspire the novel microbial electrochemical technology, although I didn't see the 
argument where NaOH recovery was even necessary from a GHG emissions standpoint when using the 
two-chemical catalyst system. More precise justification would be helpful. Carbon-negative sugar 
production from only agricultural wastes will limit potential scope significantly. Purpose-grown 
feedstock inclusion could positively broaden project impact. The upside to decreased catalyst and 
enzyme usage is fairly straightforward with regards to economics; however, these reductions could 
significantly change the rheology and perhaps the process design in terms of pumping, mixing, heat 
transfer, etc. If possible, the downside to catalyst/enzyme reductions should be reflected in the CapEx, or 
at a minimum discussed to some degree. Small loading changes can be significant and hopefully are not 
being overlooked. The loading changes might be simple in the pilot in a noncontinuous batch system, but 
at scale in an integrated process, the minor decreases could spell complex challenges. Ideally this would 
be solvable at small scale during an integrated campaign, reducing the risk and cost of having to do this 
at scale. A table showing the technology baseline vs. state-of-the-art data to clearly illustrate 
improvements in the areas of natural gas (Btu/lb sugar), electricity (kWh/lb sugar), connected 



2021 PROJECT PEER REVIEW 

 

334 BIOCHEMICAL CONVERSION AND LIGNIN UTILIZATION 

horsepower, enzymes (mg protein/lb sugar), process chemicals ($/lb sugar), and water (gal/lb sugar) 
would be helpful. Good job!  

PI RESPONSE TO REVIEWER COMMENTS 
• We sincerely appreciate all the valuable reviewer comments and suggestions. Over the last 2 years, the 

LTAD project has focused on improving sugar yields while reducing GHG emissions of the DMR 
process. As pointed out by the reviewers, the LTAD project has achieved multiple significant 
improvements, especially on achieving BETO’s 2022 sugar yield targets at 90% with an enzyme loading 
of 10 mg protein/g of cellulose. We will continue working on reducing GHG emissions of the DMR 
process while optimizing the process with higher sugar yields, titers, and quality. The DMR process is a 
new cutting-edge technology that still needs additional research and development. It was developed to 
solve multiple issues encountered by pioneer second-generation ethanol plants. The older high-
temperature dilute-acid-pretreatment-based cellulosic ethanol processes caused the pioneer plants to 
struggle with several operational challenges that are related to feeding lignocellulosic biomass across 
high-pressure boundaries, char formation clogging reactors, low sugar fermentability of the hydrolysates, 
and high capital costs incurred by using corrosion-resistant materials of construction. The DMR process 
mitigates most of those issues by using an atmospheric pressure dilute alkali pretreatment, which has 
demonstrated greater sugar yields (>90%), higher sugar concentrations (>230 g/L), and higher sugar 
utilization in fermentations (>90% sugar utilization in ethanol and BDO fermentations). However, high 
GHG emissions caused by NaOH usage is a major challenge for the DMR process. Therefore, we 
developed the two-stage Na2CO3 and NaOH deacetylation option to reduce the usage of NaOH, which 
allowed us to reduce GHG emissions by 20% or more. We will continue exploring this new method. We 
will also optimize the mechanical refining process to reduce its energy usage. Reducing GHG emissions 
is critical for the DMR process to be successfully commercialized. The reviewer comment on applying 
the DMR process to other feedstocks besides corn stover is well received. We agree that corn stover may 
not be available in certain area of the United States. However, we presented our results of single-stage 
(NaOH only) DMR pretreatment using switchgrass and sorghum as feedstocks in our previous 2019 Peer 
Review of the LTAD project. In that presentation we showed that higher NaOH loadings were required 
using switchgrass, which could further increase GHG emissions. Sorghum was less recalcitrant to DMR 
pretreatment, requiring lower NaOH loadings. We plan to test the two-stage Na2CO3 and NaOH 
deacetylation and mechanical refining pretreatment on other feedstocks, including switchgrass, sorghum, 
and wheat straw, in the future. We use both MSSP and MFSP as metrics for analysis with the TEA 
group, as a reduction in MSSP will correlate with MFSP assuming all else equal downstream of 
enzymatic hydrolysis. MSSP provides a means of more rapid, less intensive TEA modeling to evaluate 
trends when focused only on biomass deconstruction steps (for example, identifying an optimal 
Na2CO3/NaOH loading scenario out of multiple cases via MSSP, and then applying that scenario in the 
integrated SOT models to evaluate overall MFSP impacts). We showed that the two-stage deacetylation 
could reduce MFSP by nearly $1/GGE because of cost reduction on NaOH/enzyme usage, as well as 
improvements in sugar yields. The $0.45/GGE cost reduction indicated in the figure of interest reflects 
mainly the cost reductions associated with NaOH usage and enzyme loading improvements, while the 
remaining $0.54 is attributable to deconstruction yield improvements (also enabled by the move to the 
two-stage DMR system), which cascade into GGE fuel yield increases and thus a larger denominator in 
$/GGE overall MFSP, which in turn reduces all of the bars accordingly. The MSSP analysis does include 
CapEx, as does MFSP, based on standard NREL TEA methodologies (the preliminary TEA on 
ozonolysis-aided DMR did not include the capital cost for the ozone generator as we do not currently 
have a reliable source for that unit cost). We do not have a formal MSSP target in 2030; however, the 
2030 target performance parameters would translate to approximately $0.18/lb sugars as reflected in 
NREL’s stand-alone sugar model available publicly (https://www.nrel.gov/extranet/biorefinery/aspen-
models/). In the future, we will also include a detailed cost breakdown on energy usage as suggested by 
the reviewers. The high-temperature/high-pressure RCF and atmospheric pressure DMR processes are 
targeting different products from biomass. RCF is targeting to produce lignin oil, while the DMR process 

https://www.nrel.gov/extranet/biorefinery/aspen-models/
https://www.nrel.gov/extranet/biorefinery/aspen-models/
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is more focused on producing fermentable sugars, with reactive lignin waste streams a potential source 
of target chemicals such as high-energy-density sustainable aviation fuels. RCF also targets highly 
recalcitrant woody biomass, while the DMR process focuses on herbaceous crops such as corn stover, 
switchgrass, sorghum, etc., where more ash is present in these agricultural feedstocks, which is notorious 
for deactivating catalysts. Both processes are facing chemical/solvent/catalyst recovery challenges with 
potentially high energy usage, either directly in the process (RCF) or indirectly through sourced 
chemical usage (DMR). To the team’s best knowledge, the GHG analysis on RCF will be highly 
dependent on the use of solvent and the solvent recovery process. We have not yet compared RCF to 
DMR on a GHG emissions basis, which will require more research effort. The microbial electrochemical 
technology being investigated in the LTAD project utilizes the breakdown of waste organics in the DMR 
black liquor to generate renewable H2 while recovering NaOH, all of which are tangible benefits for 
DMR operation. The microbial electrochemical technology investigated in LTAD is different from 
microbial fuel cells, which are used primarily to generate electricity, while our technology generates 
electrical energy to desalinate our waste streams to recover the NaOH and produce H2. Our preliminary 
studies have verified such benefits and capabilities. We are working on improving the microbial 
electrochemical technology system performance and using those results to conduct TEAs and LCAs to 
quantify such impacts. We do acknowledge our microbial electrochemical technology investigations are 
still in an early TRL stage compared to other processes, but we believe our results show the potential for 
application to the DMR operation, and we will work on advancing the technology. We are working with 
the Lignin Utilization project led by Gregg Beckham on lignin conversion to adipic acid. The Biological 
Lignin Valorization project is working with the Separations Consortium to develop nanofiltration 
strategies to separate and further concentrate low-molecular-weight components from black liquor 
(among them monomeric aromatic compounds, which are the precursors of muconate). The 
deacetylation unit operation in DMR solubilizes primarily ferulic and p-coumaric acids, which we have 
shown can be concentrated to useful levels by recycling the black liquor back into deacetylation. The 
Lignin Utilization project has shown that the ferulic and p-coumaric acids from deacetylation black 
liquor recycled five times can be converted to muconic acid in high yields, as shown by the Biological 
Lignin Valorization project. That way, we can develop bioprocesses to enhance muconate concentration 
in bioreactors (as shown in the presentation of the Biological Lignin Valorization project). 
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LIGNIN-FIRST BIOREFINERY DEVELOPMENT 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
Cost-effective biomass fractionation is an enabling, 
grand challenge for biorefining, especially when both 
carbohydrates and lignin are targeted for valorization. 
The advent of reductive catalytic fractionation—an 
active stabilization approach that solubilizes lignin 
from biomass and catalytically depolymerizes it into 
a narrow slate of monomers and oligomers—
represents a potential step forward for this important 
goal. In the Lignin-First Biorefinery Development 
project, we are employing TEA and LCA to guide bench-scale R&D efforts towards cost-effective RCF-based 
biorefining. This project is critical to lignin valorization efforts and could enable the use of woody feedstocks 
in a traditional biochemical conversion context. 
 
To date, we have conducted the first rigorous TEA and LCA study of the RCF process, developed a flow-
through system to separate biomass and the chemical catalyst in RCF chemistry, developed models for 
solvolysis chemistry and transport phenomena for poplar, and co-led an international, authoritative perspective 
on guidelines for the research community on how to best practice lignin-first biorefining. The primary 
challenges for the lignin-first RCF process going forward are catalyst stability; the need to utilize, recover, and 
recycle high-boiling-point solvents to lower RCF reactor pressure; and the challenge of operating RCF 
continuously—all of which are being directly tackled by this project. 

 

WBS: 2.2.3.106 

Presenter(s): Adam Bratis; Gregg 
Beckham; Michelle Nolker; 
Zia Abdullah; Courtney 
Payne 

Project Start Date: 10/01/2020 

Planned Project End Date: 09/30/2023 

Total DOE Funding: $2,100,000 



2021 PROJECT PEER REVIEW 

 

337 BIOCHEMICAL CONVERSION AND LIGNIN UTILIZATION 

 

Photo courtesy of NREL 

COMMENTS 
• Another methodical, systematic, thoughtful, and organized presentation—this project is being well 

managed and is successfully on track; well done. In principle, the project foundation is perhaps actually 
novel. The collaboration efforts are substantial (LU, SepCon, Biochem Analysis) and reflect the need for 
cooperation and the knowledge leveraged to other projects. Similarly, direct industry interactions that 
inform and help guide the project are a necessary utility. I am very happy to see the addition of a detailed 
block flow diagram and TEA; thank you. Overall, carbon conversion amplification with RCF will benefit 
the entire biochemical conversion platform, and once developed could have a broad impact. With RCF, 
in this particular instance, I do like to see the process focus on edging the product. Again, I see feedstock 
agnosticism being mentioned, but honestly to what end? How variable (dirt-laden, moisture-ridden) and 
how many feedstocks have been legitimately evaluated to assert this? I am glad to see membranes 
mentioned as an energy reduction alternative to distillation, but no CapEx justification or modified 
MFSP were presented. It is noted that the RCF process is 57% of the total capital and also quite energy-
intensive as practiced in the lab. Some predictions or estimations for capital and energy approaching 
demonstration viability would be helpful to understand. Great project! 

• Management of project is good with university collaboration and leveraging with other groups. Risks are 
identified. Since the inception of this project, the overall approaches are reasonable for a first-of-a-kind 
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lignin biorefinery. Fine-tuning of the approaches is made possible by having in place good analytics. 
This is good project for BETO's focus on lignin valorization to offset feedstock cost and enable cost-
effective liquid biofuels. Impact will be realized from quantitative recovery of solvent and good 
fractionation of biomass to upgradeable higher-value products as an alternate to lignin burning. Progress 
and outcomes from a detailed TEA and LCA for first implementation of the RCF process are helpful in 
defining better costs and impacts of RCF with solvents used. A continuous system was identified as a 
best practice. Difficulty with continuous systems is getting timely material balance as compared with a 
batch reactor. Over time, buildup of byproducts can result in reduced productivity and yield with 
increased reactor cycle. On the overall, the target of 50% conversion of lignin is hard to achieve with 
high solids loading and reduced solvents. Particle size can contribute to reduced reactive surface area and 
impede channeling unless the mixing system is robust, thereby increasing reactor energy requirement. 
Reactor design, solids loading, mixing, particle size, catalysts used, solvent use, and recycle and solvent 
type need to be optimal to achieve good yield and conversion. Need additional information on material 
balance. 

• Strengths: This project is possibly the program’s most promising current approach for obtaining value 
from biorefinery lignin. By using RCF and making lignin removal from lignocellulosics the primary 
goal, the PIs can: (1) generate a lignin with higher reactivity and more opportunity for productive 
conversion to high-value products; (2) improve selectivity by generating a much lower number of 
structures than other lignin deconstruction processes; (3) apply the methodology to a wide range of 
biomass feedstocks, including softwoods, hardwoods, and agricultural residues, offering opportunities 
beyond the current DMR baseline operating scenario; and (4) still generate a stream of fermentable 
sugars for fuel production. These features suggest that RCF offers a reasonable alternative approach to 
the biorefinery front end that stands in contrast to conventional pretreatment. The ability to generate a 
smaller number of monomeric compounds from the lignin in good yield (~35%) is particularly 
important. RCF for wood was invented in the 1940s as a method for lignin analysis. In the context of 
generating chemical products from lignin, these early experiments showed that lignin could be converted 
into a small number of structures by initial treatment of wood with H2 and a catalyst. The catalytic 
expertise available to this project within the larger BETO program offers a good opportunity to improve 
this process for the biorefinery. With a much smaller number of lignin fragments, the chances for 
generating high-value products in reasonable yields is increased over other lignin conversion approaches. 
The close structural similarity between these compounds also suggests that the RCF oil can undergo 
further structural simplification with relatively straightforward catalytic transformations. The science in 
this project is impeccable, and also affords a practical solution for industrial stakeholders. If the PIs are 
able to work through the challenges, this approach has some of the best potential to serve as an 
economically and commercially viable means to use lignin as a chemical feedstock. The PIs have 
incorporated a number of efforts to overcome these challenges, including catalyst lifetime improvement, 
transition to continuous RCF, membrane solvent recovery, and the use of different solvent. While results 
from this additional work are still limited, the approach is targeting those experiments identified as most 
critical from TEA/LCA evaluation. The solvent studies are notable, as ethylene glycol gives a simpler 
product mixture. Overall, the project offers a great scientific concept, an opportunity to significantly 
change a bioprocessing model that’s been in place for years, good initial results, and a cross-disciplinary 
team possessing all the skills necessary to bring it to fruition.  

Areas for improvement: It would be useful to know the nature of the inter-unit linkages that are more 
resistant to hydrogenolysis. It would also be interesting to know whether the project is limited to a small 
number of robust heterogeneous catalysts by economics, and the kind of new reactivity that can be built 
into these systems. 

• The goal of this project is to develop a lignin-first biorefinery for simultaneous biomass fractionation and 
lignin deconstruction. The core technology is based on reductive catalytic fractionation. The work is 
strongly guided by TEA/LCA, which is considered a strength. They are also partnering with 
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ExxonMobil, which demonstrates potential economic viability. Overall, this is a strong project that fits 
well within the BETO portfolio. The transition to continuous processing is very promising, as is the work 
on finding better solvents. Another notable deliverable was the publication of standards to lignin 
biorefining, which will enable more meaningful comparison between different process.  

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers overall for the positive and constructive feedback on the Lignin-First Biorefinery 

Development project. We completely agree with the potential for RCF-based processes to replace the 
conventional thermochemical pretreatment strategies that focus solely on carbohydrate valorization. This 
is certainly a potentially promising attribute of the lignin-first approach. In terms of the inter-unit 
linkages present in the lignin-derived compounds that are resistant to hydrogenolysis—as noted during 
the Lignin Utilization presentations—these compounds are mostly carbon-carbon-bond-linked dimers 
and oligomers. Hydrogenolysis as practiced in the RCF process will not be able to cleave these linkages, 
and accordingly, cleavage of these C–C-linked compounds is a major effort in the Lignin Utilization 
project to add value to this important fraction of the RCF-derived products. In terms of the catalyst 
design components and building in new reactivity, this is an excellent comment, and something that we 
did not discuss during the Peer Review presentation, but which we are actively pursuing. If C–C linkages 
could also be cleaved by the catalytic system, that could potentially substantially increase the valuable 
monomer yield from RCF processes. The literature shows a wide range of performance for catalysts 
outside of the metal/carbon group that depends on lignin source, solvent properties, and support 
functionality. Clarifying the effects of these parameters is a primary effort in FY 2021 on this project. In 
terms of mass balance, we fully agree with the reviewer that this is indeed a critical component of 
process development, and given that, we are focused on achieving good mass balances in the batch, 
flow-through, and continuous systems for the RCF process that we are developing. For example, we 
have achieved >90% mass balance in a continuous extruder system to date. We fully agree that particle 
size is an important factor, and this is why we embarked on a study to examine the impact of particle on 
solvolysis of lignin from poplar. As presented in that component of the presentation, it is predicted that 
mass transfer limitations will dominate, unsurprisingly, in biomass particles of industrial-relevant sizes 
(above 2 mm). Moreover, we fully agree that reactor design, solids loading, mixing, particle size, 
catalysts, and solvent use and recycle are all critical components, as identified by the TEA and LCA that 
was presented during Peer Review—this is why we are quite focused on these critical variables in our 
process development efforts. Our initial results indicate that at 10% solids loading, lignin monomer 
yields are not impacted through three reaction cycles with the same solvent, indicating that byproduct 
buildup does not reduce the productivity by impacting the lignin. We are currently working to determine 
the impact of byproduct buildup on the catalyst performance. In terms of the guidelines for lignin 
biorefining, we are hopeful that this perspective (published in 2020 in Energy & Environmental Science) 
will be a useful resource for both the research and industrial communities in the scale-up and 
improvement of RCF processes. In terms of the product portfolio from RCF, this is something that we 
are working with the Performance-Advantaged Bioproducts projects in the BETO portfolio to define. We 
agree that this is an important component overall of the RCF process, and this is something that we 
anticipate focusing on more in out-years, after challenges with the RCF process development are 
achieved, as noted by the reviewer. In terms of feedstock evaluations, this is something that we are doing 
for the RCF process in other projects (industrially and BETO-funded) outside of the Lignin-First 
Biorefinery Development project, and these projects all inform one another. To date, hardwoods, 
softwoods, agricultural residues, and grasses have been evaluated in the peer-reviewed literature (by us 
and others). Moisture is not a major challenge for the RCF process, at least as determined to date. The 
impact of dirt and ash is being investigated now in the Feedstock-Conversion Interface Consortium in 
the BETO portfolio. In terms of the use of membranes as an alternative to distillation and a mention of 
the resulting CapEx and MFSP changes, this has been done, but was not presented for the sake of time. 
We are working with industrial partners now with experience in membrane technologies and the BETO-
funded Separations Consortium to ascertain the right type of membrane for fractionating RCF oils. More 
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broadly, indeed, the way that RCF is commonly practiced in the laboratory now was predicted to be 
quite expensive and energy-intensive. In terms of predicting capital costs and energy use approaching 
viability, salient points to these ends were mentioned during the presentation, and these data directly 
inform the technical directions of the project that were presented in the latter half of the presentation 
(e.g., continuous operation, higher boiling point solvents, lower solvent loadings). 
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ALKALINE-OXIDATIVE PRETREATMENT OF WOODY BIOMASS FOR 
OPTIMAL COPRODUCT 
Michigan State University 

PROJECT DESCRIPTION 
Woody biomass represents a vast source of 
carbohydrates and aromatics, and it is envisioned as a 
key feedstock for the sustainable production of 
biofuels and bioproducts. The goals of this project are 
to (1) optimize our two-stage alkaline-oxidative 
deconstruction approach, (2) understand how 
pretreatment conditions impact lignin properties, (3) 
employ techno-economic and life cycle analyses to inform the experimental work, and (4) identify strategies to 
decrease the MFSP. 

Our results showed that employing both oxygen (O2) and hydrogen peroxide (H2O2) as co-oxidants during the 
two-stage catalytic alkaline-oxidative pretreatment process resulted in a substantial improvement relative to 
using H2O2 alone, leading to high sugar yields (>90% glucose and ~100% xylose), even at 2% H2O2 loadings 
(w/w of original biomass). Lignin isolated from our two-stage alkaline-oxidative process was amenable to 
depolymerization using our newly developed process, resulting in up to 30% aromatic monomer yields. In 
addition, the lignin is also a promising substrate for polyurethane production. Importantly, the high sugar 
yields and lignin quality were preserved when we scaled this process from 5 g to 1.2 kg. Combined, the lower 
processing costs, high sugar yields, and high-quality lignin amenable to both depolymerization and 
polyurethane applications could potentially reduce the MFSP to as low as $2.71 per gasoline gallon (40% 
lower than using H2O2 only). 

 

WBS: 2.2.3.601 

Presenter(s): Eric Hegg 

Project Start Date: 10/01/2017 

Planned Project End Date: 12/31/2021 

Total DOE Funding: $1,800,000 



2021 PROJECT PEER REVIEW 

 

342 BIOCHEMICAL CONVERSION AND LIGNIN UTILIZATION 

 

Photo courtesy of Michigan State University 

COMMENTS 
• Management and tasks are good, taking advantage of several skilled researchers. Risks are identified and 

addressed. The overall approach seeks to lower chemical inputs while improving yields from lignin 
conversion to 30% monomers from depolymerized lignin using a two-stage catalytic alkaline-oxidative 
treatment. The combined approach results in improvement of lignin monomer yield when compared to 
alkaline pretreatment alone. The project is relevant to BETO's focus on increased value from lignin to 
offset feedstock costs of lignocellulosics. It also provides an alternate to lignin burning for fuel as 
currently practiced. TEA indicates that the new approach results in a significant reduction in production 
costs. LCA has not been performed. Progress and outcome-process has been scaled to 20-liter reactor 
vessels. This is significant, as it allows for better validation of the technology. Good lignin monomer and 
sugar yields. LCA is missing and is a critical piece, but the TEA sensitivity analysis confirms that the 
lower pretreatment chemical inputs, derived increased lignin value, and high sugar yields are key to 
favorable economics of this process. On the overall, this is a good project with tangibles and deliverables 
by a good team of experienced researchers. 

• Strengths: The PIs have developed a potentially valuable pretreatment able to generate (1) high yields 
(>90%) of glucose and (2) a reactive lignin fraction (up to 80% of the contained lignin in biomass) that is 
susceptible to subsequent oxidative depolymerization, affording up to 30% lignin monomer. The 
remaining lignin offers two additional fractions of differing molecular weight for product applications. 
The science behind this project is excellent, and the results have been published in high-impact journals. 
More generally, the concept and approach are interesting, especially with its ability to give separate 
lignin and sugar streams under quite mild conditions. The current work has completed an in-depth study 
of reaction conditions for optimization of glucose yield along with the production of reactive lignin and 
its conversion to monomers. Overall, the project has achieved its goals and milestones, offering an 
interesting alternative process for supplying glucose for fermentation and a useful amount of lignin 
monomers for conversion to chemicals. The ability to isolate >90% sugar is notable, and important for 
BETO’s overall operating scenario for the biorefinery. Further, the team has scaled the process to a 1.2-
kg scale, demonstrating a first step toward potential industrial validation. The various correlation studies, 
connecting conditions to lignin properties and yields of extracted or isolable fractions, is particularly 
valuable and provides considerable insight into the control of the process. A valuable improvement to the 
process is the incorporation of aerobic oxygen as a co-oxidant, allowing reduction of the amount of 
HOOH used, and thus also reducing the cost of the process. The copper-catalyzed alkaline hydrogen 
peroxide lignin is generated, and then treated with more Cu, base, and high-pressure air (~400 psi) to 
generate a mixture of monomers in about 30% yield.  
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Areas for improvement: Understanding the impact is complicated by a lack of economic information in 
the presentation. The primary high-value product from this work is polyurethane for coating 
applications. The presentation would be strengthened if the assumptions made for the economics for this 
application were included—for example, a comparison of the production cost of the lignin-based 
polyurethane to the closest polyurethane analog made industrially. There is an assumption (slide 27) that 
the lignin monomers as a polyol replacement can be valued at $0.80/kg, but the cost of the comparative 
polyol is not mentioned. The scenario that induces a customer to buy a mixture (which may vary with 
feedstock changes) in preference to a pure polyol that is predictable and well understood is not obvious. 
Similarly, the value of $2.00/kg for monomer production seems high for a mixture of seven materials. 
There needs to be a better justification for these values. Assessing the impact of this work would be 
easier with a better definition of the weight percent yield of each stream generated from the process, as 
well as its composition. It is significant that the process affords access to most of the sugar in the 
biomass (a strength) and 30% monomers, which is roughly equivalent to the yield of monomers in the 
NREL RCF project. However, the complexity of this monomer fraction is much higher than the RCF 
material, which complicates its utility in high-value applications. 

• The goal of this process is to develop an economic oxidative-alkaline pretreatment process focused on 
woody biomass. In addition, the team is using acid-soluble lignin to make polyurethane resins. Overall, 
the team is making good progress and meeting their milestones. It was somewhat unclear what the 
advantages of the oxidative-alkaline pretreatment process are relative to other pretreatment methods. 
Directly addressing this question would help improve the perceived impact of the work. Another concern 
is the high amount NaOH required. Clearly, this will need to be recycled. The team is also starting to 
scale up their process with promising results. Lastly, the assumptions regarding the economics of the 
process were unclear, making some question whether this process will ever be feasible. In summary, the 
project is going well. The team is also doing good science and achieving the milestones. However, more 
expansive TEA would be helpful. 

• The project appears to be on schedule and well situated for achievement of defined metrics. Milestone 
completion and task progress are both reported to be on track. Substantial developments have occurred 
related to tasks 1–5, leading to a reduction in MFSP by ~40% relative to the base case. It was mentioned 
that the process is tunable, which understandably changes operating expenses. I think this is a great 
technical facet, and I congratulate the team on that as it is useful to have levers to pull when market 
conditions change. If possible, a simplified mass and energy balance should be available allowing 
reviewers to technically assess the project more thoroughly. The simplified block flow is quite handy; 
however, this is a complicated process that could benefit from more detail. Process complexity at scale 
can be difficult to conceptualize and predict, but some discussion, thought, or framework related to this 
could be insightful. The sheer number of unit operations within the process looks to be staggering: two-
stage pretreatment, enzymatic hydrolysis, four intermediate groups requiring additional 
processing/conversion, and five discrete final product groups with unique storage and loadout. I would 
like to better understand the proposed total capital investment per annual gallon gasoline equivalent.  

PI RESPONSE TO REVIEWER COMMENTS 
• It is challenging to fit all the assumptions used in economic modeling into a single 20-minute 

presentation. However, the reviewer is correct in noting that the assumption on selling price of lignin is 
critical for the overall economics. The assumption of $0.80/kg is estimated to be approximately one-half 
the selling price of polyol. The selling price of polyol was confirmed to be around $1.60/kg from 
multiple sources, including literature, Alibaba.com, and market surveys. The lower value (50% of the 
value) takes into account the cost of isolating the lignin and the lower value compared to pure polyol. 
However, as noted in the presentation, we have already demonstrated that the recovered crude lignin has 
value as a polyol substitute. Regarding the monomers, the value of $2.00/kg is more ambitious. We 
considered three possibilities: 4-hydroxybenzoic acid, vanillin, and syringic acid, which accounted for 
five monomers (we assumed the aldehyde and carboxylic acid forms of vanillin and syringic acid could 
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be interchangeable). The market research suggested potential selling prices of 4-hydroxybenzoic acid 
and vanillin of approximately $5/kg and $9/kg, respectively. Syringic acid did not have a developed 
market, but there are several potential high-value applications, suggesting its value could be equal to that 
of vanillin. As more processing is required to obtain the monomers than the crude lignin, a value ~25% 
of the selling price of the monomers was used. This was approximated as $2/kg, although the individual 
monomers could be split into individual prices for a more detailed analysis.  

Because the focus of the BETO project was to reduce the cost of the biofuel, the modeling section of the 
presentation focused on the TEA in the interest of time. However, the LCA has been performed. We 
estimate that the process produces 11.9 kg CO2/gal gasoline equivalent biofuel compared to 13.4 kg/CO2 
at our initial state prior to the start of the project. While an improvement was made, we acknowledge that 
the intermediate LCA value is still quite high. It should be noted that a significant reason for this is the 
model used for the process. The scope of the project only considers the pretreatment and subsequent 
sugar (and lignin) yields, not any further upgrading to biofuel. To model the overall process, therefore, 
we chose to adapt the NREL 2015 Davis et al. economic model to our pretreatment. This model uses 
purchased, nonrenewable H2 to produce the final drop-in fuel. In our model, nearly 50% of the CO2 
emissions can be attributed to the purchased H2. It is entirely possible to use a different model and 
reduce these emissions, although this would also impact the minimum fuel selling price. If renewable H2 
is used, the CO2 emissions are reduced to approximately 6 kg/gal. The other major portion of the CO2 
emissions is the sodium hydroxide usage. We investigated various options to recycle the NaOH, but 
these options had approximately the same carbon footprint as the purchased hydroxide. Thus, while it is 
undoubtedly preferable from an overall waste perspective, this approach will not improve the CO2 
emissions, and thus the main alternative is to reduce NaOH loading.  

We agree that a high amount of NaOH is used. As stated above, this has a significant impact in the LCA, 
although surprisingly not as large of an impact in the TEA due to the relatively low price of NaOH. 
Fortunately, there are several known commercial processes to recycle NaOH, such as the Solvay process 
or electrolysis. While not explicitly taken into account for the TEA, one of these options would likely be 
used.  

Due to multiple streams containing valuable sugar or lignin, it can be very confusing when discussing 
yields with this project. To assist in this endeavor, we provide some key processing data. (Note: all 
values are expressed as the percentage of initial component from the raw, untreated poplar. The initial 
poplar contained 45.5% glucan, 15.8% xylan, and 22.3% lignin.) During alkaline pre-extraction, the 
solubilized individual component of glucose, xylose, and lignin were 6.2%, 35.2%, and 25.7%, 
respectively. The precipitated lignin from the alkaline pre-extraction liquor was 20.3%. During copper-
catalyzed alkaline hydrogen peroxide pretreatment, the solubilized individual component of glucose, 
xylose, and lignin were 9.6%, 25.8%, and 49.9%, respectively, while the precipitated lignin was 16.0%. 
After enzymatic hydrolysis of the two-stage pretreated solid poplar, the yields of glucose and xylose 
were 81.1% and 40.7%, respectively. For example, the untreated poplar contained 15.8% xylan. The 
40.7% yield of xylan in hydrolysis is 40.7% of the 15.8%, or 6.43 g xylan converted to soluble sugar per 
100 g dry initial poplar. Also, note that the precipitated lignin is also as a percentage of the initial 
component, and the soluble lignin yield is as a percent of the initial lignin prior to precipitation. For 
example, 79% of the soluble lignin precipitated in the pre-extraction step (20.3% yield of precipitated 
lignin divided by 25.7% yield of soluble lignin). Thus, the total precipitated lignin was 20.3% for 
alkaline pre-extraction liquid stream plus 16.0% for the copper-catalyzed alkaline hydrogen peroxide 
pretreatment liquid stream, which was 36.3% of the initial lignin (22.3%), or 8.09 g precipitated lignin 
per 100 g dry initial poplar. Note that because the xylose recovered is slightly higher than 100% due to 
several different measurements, a value of approximately 99.5% was used in the TEA. In the future we 
will try to use a Sankey diagram during the presentation to make the mass balance easier to follow.  
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The total capital investment per annual GGE is $6.45/gal. Note that this capital cost only includes the 
cost of obtaining crude lignin; it does not take into account upgrading to polyols or monomers. For a 
2,000-tonne/day facility, the major capital costs related to this project are pretreatment ($31.7 million), 
oxygen production ($9.6 million), and pretreatment liquor treatment ($62.9 million). The last item is key 
for this process, as the lignin must be precipitated via pH adjustment and the sugars must be concentrated 
to be used for biofuel production. 

  



2021 PROJECT PEER REVIEW 

 

346 BIOCHEMICAL CONVERSION AND LIGNIN UTILIZATION 

UPGRADING LIGNIN-CONTAINING BIOREFINERY RESIDUES FOR 
BIOPLASTICS 
Texas A&M 

PROJECT DESCRIPTION 
The proposed research integrated the latest advances 
from a multidisciplinary academic-industrial coalition 
to address one of the most challenging issues in 
lignocellulosic biofuel production: the use of lignin-
containing biorefinery residues for cost-effective 
bioproduct production. The success of a modern 
biorefinery heavily depends on the diverse product 
streams and the utilization of all fractions of input material. Even though extensive progress has been made to 
process cellulose and hemicellulose into advanced biofuels, the utilization of lignin for fungible biofuels and 
bioproducts has not been achieved. Lignin is much more under-researched as compared to cellulose, which has 
become a setback for the efficiency, cost-effectiveness, and sustainability of lignocellulosic biorefinery. 
Essentially all current bioconversion platforms lead to a lignin-containing waste stream that needs to be further 
processed into valuable products. Although a certain amount of lignin (~30%–40%) is needed for the thermal 
requirements of biofuel production, a modern cellulosic processing plant will have ~60% excess lignin. The 
utilization of this excess lignin-containing residue as feedstock for renewable fuels and chemicals offers a 
significant opportunity to enhance the operational efficiency, lower the overall biofuel cost, reduce the net 
carbon footprint, and improve the replacement of petroleum. The proposed research will translate the latest 
technology breakthroughs into a transformative lignin-to-polyhydroxyalkanoates (PHAs) route.  
This project uniquely addresses the mission and goals of BETO through process development and optimization 
of a single-unit operation for the upgrading of chemically or biologically derived intermediates to fuels and 
products with the following three objectives: (1) process enablement by engineering and optimizing 
microorganisms to convert biorefinery waste streams to PHA for bioplastics; (2) process development by 
characterizing biorefinery residues, optimizing lignin treatment and fermentation, and designing the novel 
bioprocess; and (3) process integration and optimization by biorefinery on-site scale-up and techno-economic 
and life cycle analysis for the lignin-to-PHA upgrading process. The project has an integrated, rigorous 
milestone-based management plan with broad support from industry. 

To date, the project has met all milestones at the 1-L level, with PHA production titer >10 g/L, conversion 
efficiency >40%, and price <$2.5/kg. The performance has the potential to lower ethanol price to ~$2.4/GGE. 
Scientifically, the project has led to 44 publications with a cumulative impact factor of 270. Besides the impact 
on biorefinery, the process will also address the plastics crisis and maximize replacement of petroleum 
products, as bioplastics have a rapidly increasing market and represents a sustainable way to replace 
nondegradable petroleum-based plastics. This novel platform complements the current technologies supported 
by BETO to enable the utilization of all structural components of cell wall for better cost-effectiveness, overall 
carbon efficiency, and sustainability for biofuels. The proposed initiative is well supported by the biorefinery 
industry in multiple ways. 

WBS: 2.3.1.206 

Presenter(s): Joshua Yuan 

Project Start Date: 04/15/2016 

Planned Project End Date: 06/30/2021 

Total DOE Funding: $2,499,993 
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Photo courtesy of Texas A&M 

COMMENTS 
• Management of project and partnership looks adequate. Risks are provided and addressed. Approaches 

taken involve microbial engineering, improving process for fractionation of biomass fermentation 
improvement and deployment of TEA. The project is within BETO’s mission to enable a viable 
biorefinery by capturing more value from lignin. The potential impact of producing PHA by engineered 
strains looks promising, but I’m not sure that an aerobic process can be cost-effective. Cost-effective 
recovery of intracellular PHA cannot be scaled up commercially for commodity-type products, so robust 
TEA and LCA are needed. Progress and outcomes follow targets set, and the use of Aspen Plus and 
preliminary TEA have helped guide the overall strategy. My overall impression is that strain and 
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fermentation development were good, but data on recovery of PHA and testing of fermentation-derived 
material post extraction in application work are missing. This is an area the team can benefit from 
addressing before the project ends. While the team should be congratulated on their efforts, PHA may 
not be a good target given that commercial production and costs of PHA have faced market resistance. 
ADM’s experience with the production of PHA from starch-derived glucose illustrates these challenges 
well. 

• Strengths: This is another effort within the BETO portfolio that attempts to convert biorefinery waste 
streams in the biorefinery into value. The PI presents a clear goal of converting biorefinery waste to 
bioplastics at less than $5/kg, or about $2.50/lb. The PIs have made progress in each of the three focus 
areas of the project, including the development of new engineered organisms and an evaluation of the 
effect of several pretreatment scenarios on PHA production. Each approach was subjected to TEA, and 
the comparative results are shown on slide 18. The PIs present clear and well-laid-out TEA evaluations 
for the various processes in their program (e.g., slide 13 presents the results of economic analysis for 
several different scenarios). A real strength is the inclusion of production costs in the form of a unit cost 
for a given operation. The only improvement to the slide would be a column with current costs for 
conventional PHA production, and the assumptions behind the numbers. What is the yield from lignin? 
How much of the lignin is converted?  

Areas for improvement: The target polymers in this project are PHAs, which is surprising because of the 
known issues that PHAs have with cost and performance—issues that have stymied their acceptance for 
years. The presentation would be strengthened with a clearer justification of this material as the target. 
The description of the approach would be improved if there was more information on the exact 
biorefinery waste streams being targeted, their concentration, their composition, etc. This is information 
critical to determining whether waste stream conversion makes sense. Some of the assumptions behind 
the TEA are not well defined. Information on current costs for conventional PHA production and the 
assumptions behind the numbers, such as the required yield from lignin and the amount of lignin 
converted, would be valuable. 

• The goal of this project is to convert lignin into PHA, a bioplastic, using Pseudomonas putida. Overall, 
the talk was very confusing and difficult to follow. The pace was too fast and the slides too dense. It 
would greatly help the review process if concepts were carefully explained. Otherwise, it is difficult to 
evaluate the technical component of the work. Overall, the team is making good progress and exceeding 
their milestones. The project also fits well in the BETO portfolio. However, PHA is not a very 
compelling product. Also, the cost estimates are questionable. It would greatly help if more details 
regarding the assumptions in the TEA were provided. 

• This is an interesting project that uses an integrated approach to evaluate the viability of converting 
lignin into medium-chain-length PHAs. TEA and Aspen modeling shows that the selling price of the 
produced PHA could bring down the MFSP in a lignocellulosic biorefinery to below $3 per gallon of 
gasoline equivalent. The project has met all the milestones at the 1-liter scale. Current efforts are toward 
scaling up to the 50-liter scale. At such scale, the project would produce sufficient PHA materials to 
potentially explore extraction and purification of the PHA and its usability in the production of 
biodegradable plastics. Such studies could help refine the TEA to provide better estimates of the PHA 
production cost and marketability, which would ultimately determine the possible selling price for the 
product. 

• This project has assembled a really nice team consisting of industry and academia. Unfortunately, due to 
the project metrics being developed in 2016, the goals have not withstood the test of time. Despite 
appropriately assessed PHA cost targets, the PHA titers and conversion rates, although achieved, are not 
commercially viable, as alternative technologies have far surpassed this pathway. Completion of all 
milestone is a great achievement, and I congratulate the team on that success!  
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PI RESPONSE TO REVIEWER COMMENTS 
• We appreciate the reviewers’ acknowledgment of our progress and accomplishment of milestones, along 

with congratulations on the success. We hereby address all the questions.  

Reviewer 1: Reviewer 1 is “not sure that an aerobic process can be cost-effective.” The reviewer’s 
comment is a very fair one, as most of the current biofuel platforms are anaerobic. Aerobic platforms for 
sugar to fatty acid or terpene (hydrocarbon) faces scrutiny for carbon efficiency, and ultimately cost-
effectiveness. However, we need to consider the product and pathway efficiency in evaluating the cost-
effectiveness. The product for this project is not fuel, but a higher-value bioplastics product PHA, which 
has a current market price about 10 times higher than fuel price. Even though we are targeting to produce 
PHA at a lower price, it is still going to be a much higher price than fuel. Second, the most common 
substrate for industrial PHA production is a fatty acid or organic acid. The carbon-to-carbon conversion 
efficiency for organic acid or fatty acid to PHA can be as high as 80%, which is highly consistent with 
our data from lignin. In fact, from a chemistry perspective, aromatic compounds turn into organic acids 
after ring opening. Overall, the lignin-to-PHA conversion will have a much higher carbon-to-carbon 
conversion efficiency than sugar to fuel under aerobic conditions. Considering the relatively higher price 
and conversion efficiency, the concerns over cost-effectiveness for aerobic conversion in conventional 
biofuel production do not apply to lignin-to-PHA route.  

“Cost-effective recovery of intracellular PHA cannot be scaled up commercially for commodity-type 
products, so robust TEA and LCA are needed. … My overall impression is that strain and fermentation 
development were good, but data on recovery of PHA and testing of fermentation-derived material post 
extraction in application work are missing.” We fully agree with the reviewer’s comment that the 
integration PHA recovery cost is needed to fully evaluate a scaled-up platform. However, such effort is 
beyond the scope of work as defined by the statement of project objectives and contract. The project is 
ending with limited funding, focusing on scale-up to 50 liters. In fact, we have been working with an 
industrial collaborator with proprietary PHA recovery and separation technologies to submit proposals 
for scaling up the current technology with an entire supply chain to better evaluate the TEA, LCA, and 
market impact. We certainly agree with the reviewer that integrating with PHA recovery is an important 
part of such analysis, and hope to get a chance to carry out a more comprehensive scale-up to enable 
commercialization if we were given such an opportunity.  

“PHA may not be a good target given that commercial production and costs of PHA have faced market 
resistance. ADM’s experience with the production of PHA from starch-derived glucose illustrates these 
challenges well.” First of all, glucose or sucrose might not be a good substrate for PHA production, in 
particular for P. putida-based platforms, due to the inefficient pathways and low conversion rate. Fatty 
acids and organic acids are common substrates for industrial PHA production. Our previous study 
highlighted that lignin conversion to PHA also goes through the fatty acid beta-oxidation pathway. The 
project highlighted that channeling carbon from fatty acid beta-oxidation to PHA biosynthesis 
significantly improves the lignin-to-PHA conversion efficiency. Therefore, the failure of a glucose-based 
platform does not necessarily inform the PHA marketability. In particular, the United States is currently 
lagging significantly behind Asian and European countries in PHA market share. The United States is 
estimated to manufacture about 18% PHA products, while East Asian countries capture 44% and Europe 
captures 25%. That being said, the current market resistance in the United States does not reflect the 
global market potential, but rather that our industrial technology is lagging significantly behind other 
parts of the world. Further scale-up and supply chain integration of this project will allow us to catch up.  

Reviewer 2: “The talk was very confusing and difficult to follow. The pace was too fast and the slides 
too dense. It would greatly help the review process if concepts were carefully explained. Otherwise, it is 
difficult to evaluate the technical component of the work.” We apologize for being fast, as the project 
renders 44 publications and two patents, leapfrogging the technology and the state of the art. We have 
chosen only to present part of the progress, yet the time is really too short to cover the breadth of the 
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activities. We also presented fast to leave enough time for questions and answers, yet only one question 
was raised during the session. We have included significant details in TEA in the additional slides, and 
they were never given the opportunity to be presented, as no question was raised about the TEA.  

“PHA is not a very compelling product. Also, the cost estimates are questionable. It would greatly help if 
more details regarding the assumptions in the TEA were provided.” Again, the United States is lagging 
significantly behind Europe and Asia on PHA manufacturing and market share. However, this does not 
mean that PHA is not a product with market potential. In fact, the global bioplastics market was valued 
at $10 billion in 2020 and is projected at $28 billion by 2025. The rapid growth of the entire bioplastics 
market is partially driven by the rising demand for PHA for packaging, food services, biomedical, 
agriculture, and other applications. PHA is not only compostable but also biodegradable. It represents 
one of the tangible near-term solutions for plastics challenges. We indeed prepared a lot of details for 
TEA assumptions and models in the attachment slides but were never able to present them as only one 
question was raised after the presentation.  

Reviewer 3: “The PHA titers and conversion rates, although achieved, are not commercially viable, as 
alternative technologies have far surpassed this pathway.” The reviewer is right in that bioplastics, in 
particular PHA manufacturing technology, is rapidly growing. The current consensus on market value is 
$5/kg. Asian companies are claiming a lower manufacturing price, yet such a lower price was never 
substantiated. As compared to the current market value, our PHA production price from lignin is 
estimated to be around $2/kg, a significant advancement over the current state of the art.  

Reviewer 4: “At such scale, the project would produce sufficient PHA materials to potentially explore 
extraction and purification of the PHA and its usability in the production of biodegradable plastics. Such 
studies could help refine the TEA to provide better estimates of the PHA production cost and 
marketability, which would ultimately determine the possible selling price for the product.” We agree 
with the reviewer that the entire supply chain, including PHA extraction, needs to be evaluated in 
estimating TEA. Such an effort is beyond the current scope as defined by the statement of project 
objectives, and no funding is available for this effort. As aforementioned, we are making efforts to obtain 
more funding to achieve the reviewer’s suggested goal.  

Reviewer 5: “The only improvement to the slide would be a column with current costs for conventional 
PHA production, and the assumptions behind the numbers. What is the yield from lignin? How much of 
the lignin is converted?” We appreciate the reviewer’s question. The current price for PHA production is 
$5/kg. The yield of lignin to PHA is between 40% and 75% depending on the strain and substrate used. 
The utilization of lignin depends on the pretreatment and dissolution technology. About 20%–30% of 
total lignin can be used.  

“The target polymers in this project are PHAs, which is surprising because of the known issues that 
PHAs have with cost and performance…issues that have stymied their acceptance for years.” Please find 
the previous discussion regarding the rapid increase of the PHA market and the position of the United 
States in this market. The project has reduced the production cost. We do agree with the reviewer that the 
performance of PHA-based plastics is an issue. We have developed technologies beyond this project 
scope to improve the performance to the range that can be used to manufacture packaging material. We 
are proposing to scale up the technologies with our commercial partner. 

“The description of the approach would be improved if there was more information on the exact 
biorefinery waste streams being targeted, their concentration, their composition, etc. This is information 
critical to determining whether waste stream conversion makes sense. Some of the assumptions behind 
the TEA are not well defined. Information on current costs for conventional PHA production and the 
assumptions behind the numbers, such as the required yield from lignin and the amount of lignin 
converted, would be valuable.” We actually prepared a complete Aspen model. The model has contained 
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the waste stream and relevant information. The detailed information was attached in the supplementary 
slides, but no questions were raised in these details and we never got a chance to present them. 
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LIGNIN FRACTIONATION AND VALORIZATION: FOCUSING ON BOTH 
VALUE AND QUALITY 
Clemson University 

PROJECT DESCRIPTION 
By exploiting the novel liquid–liquid equilibrium that 
exists between lignin and hot, one-phase solutions of 
aqueous renewable solvents, crude bulk lignins can 
be simultaneously fractionated, cleaned, and solvated 
for conversion to high-value, high-quality 
bioproducts. This unusual phase behavior forms the 
basis for a fractionation process that we refer to as 
Aqueous Lignin Purification with Hot Agents (ALPHA). With this recently patented technology, control of 
both the purity and molecular weight of lignin becomes possible. Furthermore, the technology has also been 
developed for continuous operation, so it can be commercially scaled. Finally, ALPHA has the added 
advantage of using renewable solvents that are produced within the biorefinery, including aqueous solutions of 
acetic acid or ethanol. 

Lignin is like any other polymer in that the molecular weight can have a dramatic impact on its suitability for a 
given application. Furthermore, polymer purity can be an equally important factor if the desired materials 
properties are to be achieved. Three large and growing markets have been identified for ALPHA lignin use: (1) 
high-performance carbon fibers for automotive applications, (2) rigid polyurethane foams for spray insulation 
for buildings, and (3) activated carbon for food and pharmaceutical use. For such higher-value applications, we 
hypothesize that today’s commercially available bulk lignins have too broad a molecular weight distribution 
and are too low in purity to give acceptable performance. 

 

WBS: 2.3.1.211 

Presenter(s): Mark Thies 

Project Start Date: 10/01/2018 

Planned Project End Date: 03/31/2022 

Total DOE Funding: $1,795,216 
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Photo courtesy of Clemson University 

COMMENTS 
• This is a good, diverse academic team with well-defined areas of expertise and roles. Risks and risk 

mitigation strategy are outlined. The team combines several approaches for the pretreatment and 
fractionation of lignin derived from poplar and/or corn stover. These approaches are consistent with 
BETO’s focus on enabling the processing of woody biomass and crop residues to liquid fuels and other 
products that can be derived from the lignin fraction. This project can have a significant impact on 
valorization of lignin-derived products provided that cost of production and yields are confirmed by 
TEA. Markets for the target products exist already for polyurethane foam, activated carbon, and carbon 
fibers. Clean fraction of lignin using the ALPHA process makes a compelling argument and has potential 
commercial value. Good progress has been made so far with the recovery and fractionation of lignin 
from ALPHA and byproduct from black liquor residue. Looking over the biorefinery structure with 
products and coproducts and the deployment of TEA and LCA would be useful in assessing commercial 
viability and environmental footprint for the proposed biorefinery. My overall impression is that the 
approaches taken by the team and deliverables warrant more close engagement with paper pulp wood 
processors that maybe interested in value addition and alternates to burning lignin provided. LCA/TEA 
can demonstrate economic and environmental benefits over the current widely used kraft process. On the 
plus side, markets already exist for the products they are making from lignin fractions, which should 
enable commercial development in short term to midterm. The reviewer believes that this project is a 
better fit for a first-generation lignin biorefinery. 

• Strengths: The PIs are pursuing a project with a high level of practicality and pragmatism, using new 
technology for lignin isolation from kraft black liquor. Interestingly, this approach could be considered 
“lignin last,” but interesting results have been obtained. This project fractionates lignin with a hot 
aqueous EtOH wash to make low-, medium-, and high-molecular-weight lignin fractions for products 
that are not exotic (carbon fibers, polyurethane, activated carbon), but which could have a known place 
in the chemical market, and importantly, have the chance of providing value to the biorefinery in the 
short term. As such, the work could serve as a bridge while challenges with more sophisticated 
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technology are worked out. This project is complementary to efforts tackling the barrier of converting 
lignin to low-molecular-weight products in high yield and selectivity. The impact of this project is good. 
By choosing carbon fiber, polyurethane foams, and activated carbon as products, the need to generate, 
isolate, and convert individual low-molecular-weight monomers is not necessary. Instead, these final 
products need only compete on reproducibility and performance. The impact of the process is also 
enhanced by its simplicity. ALPHA treats bulk lignin with hot aqueous solvent mixtures. The resulting 
material undergoes a phase separation, fractionating the lignin by molecular weight. The PIs have made 
some impressive demonstrations showing that their product targets can be made from the different 
ALPHA fractions. For example (slide 13), lignin was spun from solution and carbonized to fibers. Slide 
14 shows that the team is able to make polyurethane foams from their lignin by taking advantage of the 
higher OH content in this lower-molecular-weight fraction, which makes them usable as the polyol 
component of polyurethane with isocyanates. It looks like anywhere from 30%–60% of the polyol can be 
replaced by this lignin fraction. The PIs have also done a good job of describing the use of one of their 
lignin fractions for activated carbon production. Overall, this is a nicely practical project and a good 
addition to the BETO portfolio. The PIs have directly addressed the BETO goal of deriving value from 
lignin in the form of coproducts, and have a straightforward process for generating starting lignin 
streams that are applicable to a number of different higher-value (if not high-value) compounds.  

Areas for improvement: The presentation would be improved by information describing the distribution 
of lignin among the three phases, as that will have an impact on process economics. Further, the use of 
sequential liquid-lignin recovery and purification to recover lignin fractions suggests that kraft black 
liquor could also be used directly. Information on the use of ALPHA with kraft lignin (Indulin?) would 
be useful. It would help if the PIs included more information on how the measured properties of lignin-
based carbon fibers compare with polyacrylonitrile fibers. Greater clarity in the TEA would be helpful. 
For example, on slide 24, ALPHA lignin is estimated to cost $0.21/lb, but it is not clear if this is a 
production or sales cost. Further, the relative production cost of each of the three individual lignin 
fractions isn’t given. 

• The goal of this project is to produce carbon fiber, polyurethane foams, and activated carbon from lignin. 
The core technology involves a process that separates lignin based on its molecular weight. Different 
fractions are then targeted to specific products. Overall, the project is making excellent progress and has 
a compelling vision. It fits well within the BETO portfolio. The team is also strong with diverse and 
complementary expertise. No concerns were noted. 

• This project offers a simple, elegant, and efficient alternative to gaining value from lignin in the context 
of the lignocellulosic biorefinery. The goal is to fractionate the lignin into three products based on 
molecular weight using a patented process for separation of the lignin components. The low-molecular-
weight fraction is used for production of polyurethane foams, the high-molecular-weight fraction is used 
for making carbon fibers, and the medium-molecular-weight fraction is used for producing activated 
carbon. The simplicity of separations results in favorable TEA, with low production costs for the 
different proposed products. The team has made progress characterizing the properties of the different 
products. It would be interesting to see economic predictions from integrating the outputs of this project 
into a lignocellulosic biorefinery model, such as the ones produced by the Biochemical Platform 
Analysis project for production of 2,3-BDO. Would this alternative use of lignin allow reaching the 2030 
goal for the MFSP of $2.5/GGE? 
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• This was a great presentation, and I very much enjoyed the content and project concept. This group, 
while appearing to be primarily academic, is keeping a strong grasp on the industrial pulse and the 
challenges of scale and commercial markets. The range of feedstock substrates and the variable qualities 
of the substrates have led the team to develop a robust system. Utilization of model substrates and 
defined media from bench to large scale encourages identifying major problems at the highest possible 
costs. This has been avoided by the team’s thoughtful and comprehensive approach. I infer CapEx to be 
substantial due to system complexity. A brief indication of the envisioned or modeled capital would be 
helpful to see. Great project, well done! 
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SELECTIVE PROCESS FOR EFFICIENT REMOVAL OF LIGNIN AND 
UPGRADING (SPERLU) 
Spero Renewables 

PROJECT DESCRIPTION 
To meet the growing demand for bio-based chemicals 
and improve the profitability and efficiency of the 
emerging biorefinery industry, lignin is an abundant 
and attractive feedstock. Spero Renewables has 
developed a proprietary and patent-pending 
technology, the Selective Process for Efficient 
Removal of Lignin and Upgrading (SPERLU). The 
technology is a catalytic deconstruction and upgrading of lignin in lignocellulosic biomass to produce less than 
10 bio-phenol products in a liquid stream. The SPERLU process has been demonstrated and vetted on a lab 
scale to convert intact lignin from lignocellulosic biomass in excellent yields of 50% (based on lignin) to bio-
phenols while coproducing delignified solid carbohydrates. The phenolic products can be separated and further 
upgraded through catalytic or biological means. 

Spero has perform a detailed kinetic study of the SPERLU process and used the resulting kinetic data to design 
and construct a mini-pilot-scale reactor, which will be used for production of large amounts of phenolic 
products for biological and catalytic upgrading. Collaboration with NREL is being used to further upgrade the 
SPERLU products through biological means into valuable chemicals. Spero will also investigate the use of the 
lignin-derived bio-phenols as replacements for bisphenol A in thermoset synthesis. A comprehensive life cycle 
analysis of the SPERLU process and monomer upgrading is underway. At the conclusion of this project, Spero 
expects to have sufficient fundamental data on the SPERLU process and biological monomer upgrading to be 
ready for large-scale pilot testing in preparation for a commercial launch. It is anticipated that 
commercialization of the SPERLU process would lead to significant increases in the profitability of the 
emerging biorefinery industry through valorization of lignin. 

 

WBS: 2.3.1.212 

Presenter(s): Ian Klein 

Project Start Date: 10/01/2018 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $1,613,457 
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Photo courtesy of Spero Energy, Inc. 

COMMENTS 
• Management and collaborations are in place. It is not clear what the risk mitigation plan is. Approaches 

taken to produce bio-phenol with good yield, as well as the bioconversion of bio-phenol to 
chemicals/polymers derived, is technically feasible but so far not commercially viable. TEA and LCA 
work is being carried out in parallel. On the overall, the project is consistent with BETO’s support to 
enable a lignin biomass biorefinery. There is significant impact from valorization of lignin fraction that 
can enable cellulosic ethanol production with better economics than burning lignin, as has been 
past/current practice in kraft pulping. Good progress has been indicated in this project, with current focus 
on pilot plant scale to produce 200 g of bio-phenol. My overall impression is this is a well-integrated 
project that will enable valorization of lignin. TEA and LCA will help in addressing economic and 
environmental viability of SPERLU. Based on current yields and cost of raw material (>$100/ton), it is 
hard to see how bio-phenol can be cost-competitive with existing processes. There are no details 
provided on the SPERLU process, and that would be needed to confirm technical feasibility. A complete 
material balance needs to be provided that accounts for the different fractions. 

• Project interactions and collaborations appear to be strong and cross-functional. Industry engagement, 
catalyst suppliers, separations companies, and cellulosic ethanol developer utilization has better 
positioned this project for a successful outcome. The TEA industrial relevance justification is logical, 
although 3-hour reactor retention times at the 2-kg/day scale does not, however, appear commercially 
relevant. The project approach and milestones appear coherent and logical; however, the project is mid-
stride in the development cycle and makes the review task slightly challenging. Again, I see feedstock 
agnosticism being mentioned and promoted, but honestly to what end? How variable (dirt-laden, 
moisture-ridden) and how many feedstocks have been legitimately evaluated to assert this notion? The 
presentation cites only one hardwood species. A product push based on estimated target market pricing 
rather than production costs is, I suppose, possible, although the notion seems risky. In the end, with 
limited information being presented, to complete a comprehensive review assessment was difficult. 

• Strengths: Spero’s project is closely related to the broader RCF work being carried out at NREL, and as 
such, is a potentially important alternative to conventional pretreatment technology. By going after the 
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lignin first, a more reactive and tractable feedstock is obtained as a smaller number of low-molecular-
weight monomers is available for conversion to high-value products. Advantages of the approach include 
the ability to use a wide range of biomass feedstocks (i.e., success does not depend on DMR 
pretreatment). The project is targeting, among other things, the production of lignin-based bisphenol A 
replacements via conversion of a targeted 200 g/day bio-phenols, which is a large volume product of the 
chemical industry.  

Areas for improvement: The potential impact of this approach could be substantial, but it is almost 
impossible to gauge from the very minimal presentation given. There is a lot of discussion about 
potential advantages and a description of the “what,” but no “how” or “how much.” This is a serious 
omission. Examples: (1) no information about catalyst or reaction conditions is given; (2) Spero projects 
a $1–$2 reduction in GGE cost with this technology, but the basis for this estimate is missing (i.e., a 
credible production cost needs to be assigned to the final products for this assessment); (3) the post-
presentation discussion claims that 50% of lignin leads to a $1–$2 reduction in GGE, but that has to be 
based on the missing production costs and yield of the target products, so the credibility of the estimate 
cannot be determined; and (4) slide 19 shows that flavoring chemicals have been made in high yield, but 
product composition and potential separation requirements are missing. There is also no indication of 
how the process translates to value. The PIs give a very brief overview of polymer production leading to 
a material with properties similar to bisphenol A. The TEA will be critical here. If they assign a market 
price to their materials based on conventional material, then it is hard to believe if the Spero product is a 
mixture, as implied. A customer is unlikely to buy a blend with potentially variable properties when they 
can get pure bisphenol A whose performance is assured. On slide 21, the PIs allude to initial TEA for 
bio-phenol production, but no details are given. It is important to understand the comparative processes 
and the relative production costs (e.g., the composition of the mixture of phenols that they are making 
and the values that are attached to this mixture). The PIs claim that their product value is 2.5 times 
larger, but no standard of comparison is given. Unfortunately, the information in this presentation was 
insufficient to give a credible evaluation of impact and progress. The need to protect proprietary 
information is understandable—perhaps by sending more sensitive information to the Review Panel 
alone under secrecy agreements, stronger support could be given. Without this information, the panel 
scores for Spero suffer. 

• The goal of this project is to replace bisphenol A from lignin. The basic strategy involves the catalytic 
deconstructing lignin into less than 10 chemicals and then upgrading these chemicals to bio-phenols. 
Due to the proprietary nature of the work, few technical details were provided. However, a clear vision 
was logically presented that fits well within the BETO portfolio. In addition, clear milestones and 
compelling were provided. The team is also making good progress. No concerns were raised. 

PI RESPONSE TO REVIEWER COMMENTS 
• Spero thanks the reviewers for their time in reviewing this project. We understand that further technical 

details would be useful for review of the project, but unfortunately, we cannot disclose confidential 
information in a public meeting. It should be noted that all project milestones are on track for timely 
completion per the schedule in the Statement of Project Objectives. 
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GAS-PHASE SELECTIVE PARTIAL OXIDATION OF LIGNIN FOR 
COPRODUCTS 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
This project seeks to develop a catalyst and process 
that can convert low-value lignin streams from 
biorefineries into valuable phenolic coproducts by the 
gas-phase catalytic partial oxidation of lignin 
pyrolysis vapors. The technology will enable a 
diversified revenue stream for an integrated 
biorefinery in which the cellulose and hemicellulose 
biomass fractions are primarily used to produce a 
suite of fuels and coproducts, creating valuable phenolic compounds from lignin. The focus on producing 
simple phenols (phenols that do not contain methoxy functional groups) is due to their high value and market 
sizes (~$1,100/tonne and 11,400 kT/y for phenol, $3,800/tonne and 3,400 kT/y for p-cresol, and $6,000/tonne 
and 45 kT/y for catechol). 

The approach for catalyst development focuses on design of catalysts by varying two parameters known to be 
important in selective oxidation catalysis: metal-oxygen bond strength and active site density. The activities 
that were performed and will be discussed include: (1) establishing benchmarks on yield/composition for 
various types of lignin pyrolysis vapors, (2) establishing a benchmark with a commercial catalyst for phenol 
yield from partial oxidation of lignin pyrolysis vapors, (3) computational guidance on materials selection, (4) 
synthesis and characterization of catalyst materials, (5) reaction testing of catalysts using both model 
compounds and the whole vapor stream from lignin pyrolysis, and (6) integration of techno-economic analysis 
with experiment results. Recent catalyst and process development accomplishments are highlighted by 
improvements in the carbon yield to the desired phenolic compounds, and the resulting estimated impact on 
the reduction in modeled minimum fuel selling price will be presented. 

 

WBS: 2.3.1.501 

Presenter(s): Zia Abdullah; Courtney 
Payne; Matthew Yung 

Project Start Date: 10/1/2017 

Planned Project End Date: 9/30/2020 

Total DOE Funding: $1,200,000 
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COMMENTS 
• Management and plans are good with tasks and subtasks highlighted, as well as risks and mitigation 

strategy. Approach is reasonable given the need to monetize lignin fraction from DMR with specific 
increased in yields and the reduction of lower-value char. The impact of cost reduction is consistent with 
BETO’s mission in enabling the production of biofuels and coproducts from biomass. Progress and 
outcomes indicate the developed catalysts have a 2x improvement in phenol yield over commercial 
benchmark catalyst. The overall estimated MFSP reduction is estimated at $0.60/GGE since 2017. The 
current yield of 15% phenol is low to have a significant impact on GGE, so the target of 30% phenolic 
yield from enzymatic hydrolysis DMR would be an important milestone to achieve by the end of this 
project. On the overall, the project goal of increasing phenolic yields will result in cost-effective 
aromatics from a renewable feedstock. The current most economic route for production of phenol 
involves reacting petroleum-derived benzene and propylene to form cumene, which is subsequently 
oxidized to the hydroperoxide, followed by acid-catalyzed cleavage to yield phenol and acetone. 
Acetone is a valuable byproduct of that reaction. Therefore, the focus on lignin enzymatic hydrolysis 
DMR is interesting, as the average price for biochar in the United States was reported at $1.29 per 
pound, or $2,580 per ton. In the near term, due to price point, biochar will likely only be used in high-
end specialty markets, but there is growing interest in developing biochar into new products that take 
advantage of its unique chemical properties and its potential use as a catalyst, as fertilizer, and to amend 
soils. Phenol yields and improved catalyst performance and longevity, as well as current price of phenol 
and coproduct value, are critical to successful deployment of this approach. 

• Strengths: As thermochemical approaches go, the approach is reasonable and complements the several 
projects trying extract coproduct value from lignin. The scientific approach is reasonable, with the 
evaluation of catalysts based on metal-oxygen strength being an interesting approach to the problem. A 
further strength is the use of computational modeling of the pyrolysis catalyst, as it has provided useful 
insight to the catalytic transformations on surfaces. It would be helpful to know whether any of this 
modeling has been translated into accurate prediction of pyrolysis outcomes, or been demonstrated to 
improve catalyst activity (i.e., validation of modeling through experiment). The PIs have done a good job 
in understanding the challenges to operation of their pyrolysis reactor, and are pursuing some interesting 
solutions for increasing its efficiency. The testing of multiple lignin sources as feedstock is a strength. 
The results show that kraft lignin may be an ideal source, as it gives the highest level of phenolics. The 
amount of char also drops significantly at higher pyrolysis temperatures.  

Areas for improvement: What is missing from the approach is a credible description of the primary 
advantages over other pyrolytic conversions of biomass/lignin to phenolics. It is not clear what 
characteristics of this research will make it economically and industrially feasible where others are not. 
A primary concern with this project is that it is unclear whether this approach to lignin upgrading will 
have a significant impact. This concern has largely to do with the complexity of the starting pyrolysis oil, 
the separation of the various fractions, and the considerable loss of mass over multiple steps. For 
example, the PIs wish to generate a phenolics stream in small batches at individual 2,000-ton-per-day 
biorefineries. The value chain would be 2,000 tons/day biomass? 400 tons usable lignin? 60 tons/day 
mixed phenols? Smaller amounts of individual phenols, say, 20 tons each, all spread over 200 
biorefineries? Collection and centralization of this material would be difficult, making economies of 
scale hard to achieve. The presentation uses phenolics and phenol almost interchangeably, which causes 
confusion (example, slide 14: the milestone calls for 20% yield of phenolics, but the slide indicates a 
15% yield of phenol, which is not what is actually isolated). This needs to be cleaned up so that a 
stakeholder knows exactly what is being made, and exactly on what the economics are based. The TEA 
results are also questionable, as they use sales/market costs of pure phenols rather than production costs. 
Moreover, these projections are based on the market value of the individual phenols themselves, and not 
the mixture generated after lignin pyrolysis. This is not a credible way to position the work, as there is 
really no way that a mixture will command such prices when pure materials are available. Even if the 
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materials are separated, their production cost would be too high to make them competitive. Showing the 
production costs of each isolated phenolic is critical. Finally, it would strengthen the presentation if the 
PIs could project the amount of phenol necessary to realize the projected impact on $/GGE. It’s hard to 
believe that the small amount of phenol added to the production available from the chemical industry 
will make a difference. A better description of the PIs’ proposed operating scenario would be helpful. 

• The goal of this project is to convert lignin into phenolic compounds by partial oxidation of lignin 
pyrolysis vapor, which fits well within the BETO portfolio. Overall, the approach appears technically 
sound. The team is also making excellent progress. They have successfully achieved their milestones and 
the project is effectively complete. A key strength is the tight connection with TEA. No concerns or 
weaknesses are noted. 

• The goal of this project is to create catalysts to convert aromatics in lignin pyrolysis vapors to simple 
phenolics, such as phenol, cresol, and catechol. The project demonstrated production of phenol at 15% 
yield from DMR-derived lignin and with newly designed catalysts. TEA suggests that in order to 
contribute to the target 2030 MFSP of 2,3-BDO, a product shift from phenol and alkyl phenols to the 
more valuable cresols is needed. However, it is not clear how this shift would be implemented or 
whether it is even possible given the structures of the main aromatics found in the vapors from lignin 
pyrolysis. 

• The presentation layout and format were excellent. The presentation had a nice, logical, and insightful 
flow. Good progress on DMR lignin and improvements over commercial catalysts have been 
demonstrated. The ability to produce catalysts internally has the project well integrated. The claim of 
process-agnostic technology seems validated by utilization of multiple industrially sourced lignin 
substrates and the discovery that residual carbohydrate content improves operability. The thoughtful 
focus on high-value, large-market products will definitely enhance industrial bio-adoption. Similarly, the 
project has targeted industrial lignin producers and phenol consumers directly, which is great. The list of 
industrial partners is long, robust, and credible. The technical accomplishments, patenting, publications, 
and external presentations are significant. The economic sensitivity tornado is not legible and would be 
useful to understand. On the surface, char and coke production ranging from 25–60 wt % of the 
feedstock appears to be a significant issue. More detail relating byproduct TEA impact and sensitivity 
would be helpful. More explanation for the sample expansion during testing, which appeared to be a 
problem, and preventative or future process solutions rectifying that would be informative.  

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their comments and are pleased to know that they found numerous strengths 

to the project in terms of its progress and missions—specifically in that the project is well managed with 
a tight connection to TEA and aligned with BETO’s broader goals, while maintaining a logical flow to 
both the research and presentation. The positive comments about studying a process-agnostic technology 
that could be applied to multiple lignin feedstocks was also well received by our team, as we tried to 
evaluate the technology and real streams as opposed to focusing on single-compound model studies.  

In terms of weaknesses/concerns, the valuation of the product stream came into question. Our TEA team 
made assumptions based on the selling price of phenol, cresols, and catechols and incorporated 
separations (distillation processes) in order to achieve high-purity fractions of the products. Additional 
refinement of the TEA model has been ongoing, and recent sensitivity analysis shows which factors are 
most important: the overall yield and selling price(s) of product(s) are the key drivers. In order to address 
concerns of the catalyst cost, we are exploring multiple types of catalysts, including non-vanadium 
catalysts (e.g., perovskites and industrially supplied catalysts from partners) and will also use a BETO-
developed tool (CatCost) to estimate the scaled-up cost of our catalyst to see if the catalyst cost is a 
driver and look for opportunities to reduce this cost. The end-of-project goal is to demonstrate a 10% 
yield to simple phenols on the bench scale, and while this has been demonstrated on the lab scale, 



2021 PROJECT PEER REVIEW 

 

362 BIOCHEMICAL CONVERSION AND LIGNIN UTILIZATION 

improving the overall economics will require additional improvements in the yield to simple phenols, 
which is why we will continue process/catalyst development throughout the project. We are actively 
working on improving our TEA model to reflect the experimental data and understand the separations 
costs/requirements. There are existing markets and values for phenol ($1.1/kg), o-cresol ($2.4/kg), m-
cresol ($3.9/kg), p-cresol ($4.0/kg), and mixed m-/p-cresol ($2.8/kg). The lower cost of the mixed 
cresols has the separations costs “built in.” There is ongoing work at NREL within BETO projects 
focused on separation methods, which has shown the ability to produce >97% purity fractions of phenol, 
o-cresol, and m-/p-cresol from the condensed catalytic fast pyrolysis broth from whole biomass. The 
price of phenol (and all commodities) fluctuates, so we have used a phenol price band in our TEA, which 
is representative of both fluctuations in market prices and fluctuations in the product distribution (i.e., 
lower-value phenol vs. higher-value cresols). Our condensed simple phenols consist of 40% cresols, 30% 
phenol, and 30% alkyl phenols. We are still determining the appropriate markets/prices for alkyl 
phenols, but using a weighted average of phenol and mixed cresols values gives us estimated market 
prices ($2.1/kg) in line with what we used in the analysis ($1.9/kg). 

  



2021 PROJECT PEER REVIEW 

 

363 BIOCHEMICAL CONVERSION AND LIGNIN UTILIZATION 

BIOLOGICAL LIGNIN VALORIZATION 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
Given lignin’s heterogeneity, catalytic 
depolymerization results in aromatic compound 
mixtures, and conversion of this complex substrate to 
a single product is challenging. To that end, the 
Biological Lignin Valorization (BLV) project is 
pursuing biological funneling, wherein aromatic 
catabolic microbes are engineered to convert a 
mixture of lignin-derived compounds to a single 
product. Namely, we employ Pseudomonas putida 
and pursue atom-efficient products such as muconic acid, which can be further converted to direct 
replacements or used in performance-advantaged bioproducts. Overall, biological lignin conversion can make 
major contributions to reduce the minimum fuel selling price of the integrated biorefinery. Early industrial 
efforts in this area are also leading to value-added products, including in collaboration with the BLV project. 

Primary challenges associated with BLV efforts include accessing bioavailable monomers from lignin (with 
the Lignin Utilization project); enabling commercial titers, rates, and yields of bioproducts from lignin-derived 
compounds; and overcoming substrate and product toxicity. To date, we have (1) demonstrated 49 g/L of 
muconate from aromatic compounds and 4 g/L of muconate from lignin, (2) improved the toxicity tolerance of 
P. putida to key aromatic substrates, (3) debottlenecked biological funneling for higher rates, and (4) 
engineered P. putida to convert S-, G-, and H-type lignin-derived compounds to a single product. 

 

WBS: 2.3.2.100 

Presenter(s): Adam Bratis; Davinia 
Salvachua; Michelle 
Nolker; Zia Abdullah; 
Courtney Payne 

Project Start Date: 10/01/2020 

Planned Project End Date: 09/30/2023 

Total DOE Funding: $2,100,000 
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Photo courtesy of NREL 

COMMENTS 
• Good management team in place with university/other DOE lab collaborators. Risks are identified. 

Approach uses good analytics with strain engineering and adaptation with model compounds to products 
of interest. These represent sound technical approaches consistent with BETO's focus on lignin 
valorization. Once demonstrated with crude lignin fraction from pretreated biomass and the process 
validated, this development can have a positive impact on the bioconversion of aromatic phenolic 
compounds to higher value-added product provided titer, rate, and yield (TRY) are in the range of what 
is reported with model compounds. Progress and outcomes demonstrate that P. putida strains can be 
engineered and adapted to use aromatic phenolic compounds that are derived from lignin. The major 
challenge will be to demonstrate TRY with paper and pulp kraft lignin, as well as enzymatic hydrolysis 
DMR prepared from poplars/corn stover. Material balances need to be provided to account for all inputs, 
products, and coproducts. 

• Project interactions and collaborations are strong. The project approach and milestones appear coherent 
and logical; however, the project is very early in the development cycle and makes the review task 
slightly challenging. Overcoming substrate toxicity and increased tolerance work look promising, and 
the project appears to be on track by all measures. 

• Strengths: This project offers a scientifically interesting approach to lignin conversion using biological 
routes to transform low-molecular-weight lignin into chemical products. Project milestones set a goal of 
60 g/L of muconate from lignin monomers and 10 g/L from lignin residue. Muconate is positioned as a 
precursor to adipic acid, offering an interface with a large, recognized chemical market. The project 
incorporates genetic modification of Pseudomonas, which is an area of strength for the NREL team and 
a good choice given its previously demonstrated tolerance to the wide range of different structures from 
lignin deconstruction. In addition, the project has developed a standard analytical procedure (high-
performance liquid chromatography) for rapid assay of muconate levels resulting from 
biotransformation. The impact of this project in a scientific context is clear. There is really no question 
about the value of the fundamental knowledge that has been acquired through this program, which has 
been used as the basis of a number of peer-reviewed publications. The team has managed to eliminate 
some nonproductive pathways for muconate production and has improved the organism’s tolerance to 
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substrate toxicity. The presentation does an excellent job of presenting a systematic identification of 
several production bottlenecks in the bioprocess and improvements that have been made to overcome the 
bottlenecks, highlighting the extensive experience at NREL in genetic and metabolic engineering.  

• Areas for improvement: It is not clear whether this approach will be useful in providing value to a 
biorefinery operation. A few examples are illustrative. Slide 3 highlights the bioavailability of lignin as a 
risk. This is really a critical issue, as it is important to know how much lignin is actually convertible via 
these processes. Since the only substrates that seem to undergo conversion are coumarate and ferulate, 
there is a concern with diminishing returns and mass loss as one goes from biomass  lignin  lignin 
monomers (coumarate and ferulate)  muconate  adipic, β-ketoadipic acid, etc. The presentation 
mentions that corn stover contains a maximum of 28% ferulate and coumarate as a mixture, which is a 
relatively low amount of material on which to base an industrial process. Further, this effort focuses on 
the DMR process. But if DMR is not chosen as a pretreatment by a given biorefinery, do other lignin 
sources contain sufficient amounts of coumarate and ferulate to be useful? A potential risk to the 
program exists if these biochemical conversions work only with the process streams from DMR, and 
DMR is not chosen by industry. Muconate is positioned as a precursor to adipic acid and as a plasticizer. 
Although its properties as a plasticizer are improved compared to other materials, the amount that could 
be made and isolated from lignin conversion seems limited, especially when scattered across several 
biorefineries. Further, since it is it a mixture whose composition could change as a function of starting 
lignin or lignin source, a customer would be less likely to buy a muconate mixture if they could get a 
pure compound. Related is the team’s work to produce β-ketoadipic acid as a replacement for adipic in 
nylon, but the scenario that would get a nylon producer to walk away from adipic is unclear. A major 
polymer manufacturer would not move out of their comfort zone, except for the production of a new, 
low-volume niche polymer with unique properties. And once one moves into niche materials, it becomes 
questionable whether the amount of β-ketoadipic acid polymer produced would really make a difference 
in the GGE goals at BETO. The same questions are pertinent for the production of 2-pyrone-4,6-
dicarboxylic acid. The chemical industry is always on the lookout for cheap, structurally well-defined 
low-molecular-weight monomers, but it would be helpful to have an idea of their utility areas and why a 
customer might adopt them over known starting materials. Finally, there is little or no TEA data for any 
of these approaches, in particular a comparative evaluation of the production (not sales) cost of 
conventional adipic vs. lignin-derived adipic. This is a critical number, as it will determine whether a 
stakeholder could be induced to switch to a bio-based material over a conventionally sourced product. 
These would not be difficult calculations, as the research has considerable TRY data available for their 
systems. 

• The goal of the project is to develop fermentation processes using Pseudomonas putida to upgrade lignin 
monomers to a diverse range of value-added products. The project fits well within the BETO portfolio 
and leverages NREL’s strength in P. putida metabolic engineering. The science is outstanding, and the 
team is making excellent progress with model lignin compounds. The results concerning outer 
membrane vesicles is a remarkable finding. Overall, the team is making outstanding progress. The 
transition to real lignin streams will greatly improve the impact of the work. The only question concerns 
the choice of products. This was not clearly explained. That said, this is an exciting project that is clearly 
heading in the right direction.  

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers overall for their positive feedback and constructive comments. In terms of the 

overall mass conversion of lignin to exemplary products like muconate, the BLV project alone cannot 
address the question of bioavailability of lignin. As presented in the Lignin Utilization project in the 
same session, oxidation chemistry is being applied to produce high yields of bioavailable molecules such 
as 4-hydroxybenzoate, vanillate, and syringate from lignin to far exceed the 28% of corn stover lignin 
that is ferulate and p-coumarate. We also stress that the BLV project does not focus solely on a DMR 
process—that is merely a process concept being developed in BETO at large that we interface with. The 
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intention in the BLV project is to generate chassis strains and associated bioprocesses that are able to 
take streams of bioavailable lignin and convert them to value-added products in a cost-effective and 
energy-efficient manner. Indeed, the key collaboration with the Lignin Utilization project does not solely 
focus on DMR, but rather is attempting to take lignin from the kraft process, the DMR process, and 
many others to oxidize lignin catalytically to produce monomers useful for biological funneling. Thus, 
the feasibility and ultimate success of the BLV project is not tied to the DMR process. We are unsure of 
what the reviewer means in terms of producing muconate mixtures. In all cases we showed, we are able 
to make muconic acid as a single product. In terms of beta-keto adipic acid, as presented in the 
“Synthesis and Analysis of Performance-Advantaged Bioproducts” project (2.3.4.501), this molecule 
offers multiple performance-advantaged properties relative to adipic acid, including in nylon-6,6. 
Similarly for 2-pyrone-4,6-dicarboxylic acid, applications thereof are not being pursued directly in the 
BLV project, as our focus here is on enabling the bioprocesses, but applications are being pursued in the 
“Synthesis and Analysis of Performance-Advantaged Bioproducts” project (2.3.4.501), especially 
focused on high-volume, high-value applications.  

In terms of the TEA and LCA, we included these data and analyses in the presentation. We have 
conducted rigorous TEA and LCA of muconic acid and conventional adipic acid production cases and 
have been publishing those for several years now. These were also referenced during the presentation. 
We have shown that these bio-based processes from lignin offer both a cost and environmental impacts 
advantage relative to petroleum-based adipic acid. We totally agree with the reviewer that the major 
challenge (and opportunity) is to demonstrate high TRY for bioproducts with realistic lignin streams. 
This is a major effort ongoing now between the BLV and Lignin Utilization projects, which we will have 
updates on for the next BETO Peer Review. The choice of products is informed by products that (1) are 
atom-efficient from lignin (namely those that can retain much of the carbon and oxygen from the 
substrate) and (2) could potentially offer high-volume, high-value products for both direct replacements 
(e.g., adipic acid) and performance-advantaged bioproducts. To the latter point, this is why the BLV 
project collaborates closely with the “Synthesis and Analysis of Performance-Advantaged Bioproducts” 
project (2.3.4.501) in the BETO portfolio as well.  

Lastly, we agree that the project is early in the development cycle, but we emphasize that the concept of 
using engineered microbes for lignin valorization was only originally proposed as proof of concept 7–8 
years ago. Thus, the demonstration of >40-g/L titers of products already is an important advance, relative 
to the many decades of work across a huge number of research groups that has gone into metabolic 
engineering for valorization of carbohydrates. 
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SYNTHETIC METABOLIC PATHWAYS FOR BIOCONVERSION OF LIGNIN 
DERIVATIVES TO BIOFUELS 
Oak Ridge National Laboratory 

PROJECT DESCRIPTION 
Lignin valorization will be critical for economic 
production of sugar-based biofuels in a biorefinery. 
Therefore, technologies are needed to convert lignin 
into more valuable products. Because chemical 
markets are small compared to fuel markets, the 
ability to produce a range of products from lignin 
would increase the flexibility of biorefineries to meet 
market demands. One attractive approach for lignin 
valorization is to engineer microorganisms for the bioconversion of lignin-derived aromatic compounds into 
products of interest. Pseudomonas putida KT2440 is a highly robust bacterium capable of efficiently utilizing 
a variety of carbon sources, including aromatic compounds derived from lignin, and it has recently been 
engineered to convert lignin streams from plant biomass into muconic and adipic acids by deleting genes 
involved in aromatic catabolism, preventing the carbon from getting into central metabolism. In this project, 
our goal is to engineer P. putida to convert lignin into products derived from other parts of cellular metabolism 
such as fatty acid metabolism and the tricarboxylic acid (TCA) cycle, thus demonstrating that we can diversify 
the portfolio of products that can be made from lignin. One initial example was medium-chain-length PHAs, 
which are natural carbon storage compounds produced by P. putida that can also be used as bioplastics. We 
have leveraged progress on this front to also produce medium-chain-length alcohols from aromatic 
compounds, since both biosynthetic pathways are offshoots of fatty acid biosynthesis. To further expand the 
number of compounds that can be made from lignin, we are also targeting production of molecules derived 
from the TCA cycle such as itaconic acid, which we have engineered P. putida to produce at gram/liter titers 
and high yield. Together, this work is a critical step forward in expanding microbial approaches for lignin 
valorization to enable sustainable biorefineries. 

 

WBS: 2.3.2.104 

Presenter(s): Adam Guss; Jim Parks; Tim 
Theiss; Missy Miller 

Project Start Date: 10/01/2018 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $1,050,000 
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Photo courtesy of Oak Ridge National Laboratory 

COMMENTS 
• Management is adequate and a risk mitigation plan is in place. Approaches focus on using engineered 

strains expressing heterologous proteins in Pseudomonas putida to derive products from fatty acid 
biosynthesis (e.g., PHAs and alcohols) and the TCA cycle (e.g., itaconic acid). The impact consists of 
producing a range of products that can be derived from breakdown of lignin that feed into biosynthetic 
pathways, thereby increasing the value of these aromatic compounds. TEA has shown that lignin 
valorization is key to producing fuel and chemicals from biomass feedstocks such as DMR corn stover. 
Progress consists of demonstrating that a range of products can be derived from DMR lignin breakdown 
products, providing proof of concept. On the overall, sufficient progress has been made since 2018 that 
indicates that the overall approach is viable. Itaconic acid (other TCA organic acid) and PHA may not be 
the best targets, but terpenes, diacids, and higher alcohols maybe worth pursuing. It would be good to 
provide additional information on target products and a technical/economic/market side-by-side analysis. 

• Strengths: The PIs present a reasonable approach that complements the other synthetic biology projects 
in the portfolio. Further, the scientific background and concept of using central metabolism as the source 
of new lignin derivatives is interesting. A useful organizing concept for the work is the plan to produce a 
diversity of products so that the chemical market for a single product isn’t saturated by a small number 
of biorefineries. The team targets the production of PHAs as a demonstration of principle, and medium-
chain-length alcohols and itaconic acid as subsequent targets. Itaconic receives the greatest attention, and 
its production targets 5 g/L in model systems and 2 g/L from DMR lignin residue. In 2020, the PIs report 
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that they have achieved this go/no-go point and are ready to move to 20 g/L of itaconic in model systems 
and 5 g/L from actual depolymerized lignin.  

Areas for improvement: Although the PIs report that they have achieved their target titers, 5 g/L in 
model systems and 2 g/L from DMR lignin residue is low, unlikely to lead to a commercially viable 
process or to have a significant impact on $/GGE goals. Overall, this project seems less productive than 
comparative efforts at NREL. The targets remain the same, but the productivity levels are still low, even 
when compared to 2017 reports. The concern about saturating the market is commonly heard for the 
production of chemicals, but it would be helpful if it were more clearly described. The concern fails to 
account for increased markets and access to new families of derivatives as the price of the chemical 
drops. The approach used for TEA is confusing. Preliminary TEA led to the evaluation of medium-chain 
alcohols as their target molecules, based on similar economics for adipic acid. But production costs are 
not mentioned for bio-based alcohols when compared to their production from petrochemicals. If the 
production costs are higher (and they undoubtedly will be), the bioprocess will not be able to make the 
transition to industry. It is further unclear why a chemical price of $1.20/lb is given for all of the 
alcohols, including mixtures. There is no way that a mixture of materials will command the same price 
as a pure compound. Further, they get only 100 mg/L of product as a mixture of four alcohols. This titer 
and lack of selectivity would not seem sufficient for commercial lignin conversion, regardless of what 
the market value of the alcohols would be. Slide 9 indicates that itaconic predicted market prices are 
similar to or higher than adipic acid. This sounds backwards, in that it implies that higher sales costs are 
better because they will improve the effect on $/GGE (i.e., itaconic has to sell for a *minimum* of 
$1,750/ton). What is really needed is a significant reduction in itaconic cost to enable interest in the use 
of a new, cheap performance-advantaged bioproduct in previously unavailable markets. More clarity 
around the TEA assumptions and planned operating and market scenarios would help the presentation. 
Process optimization produces itaconic from coumarate at a 60% molar yield. The significance of this 
result is unclear, as it depends directly on the availability of coumarate from other lignin utilization 
projects. The key unknown is the maximum amount of coumarate available from lignin conversion 
processes. The presentation would be strengthened with a simple mass balance showing the transition 
from 100 g biomass  20 g lignin  X g coumarate  X g itaconic. There would appear to be too much 
mass loss and not enough product to justify its isolation and use as a chemical product. 

• The goal of this project is to produce itaconic acid from lignin monomers. This goal is well aligned with 
BETO objectives. Overall, the technical approach seems sound and the milestones are compelling. The 
team is making excellent progress with near-stoichiometric production of itaconic acid during the 
production phase. The work is also strongly motivated by TEA, which is considered a strength. Also, the 
use of both model and real lignin monomers appears to be a sound approach. This work is still in the 
proof-of-concept phase. As a consequence, it is not clear whether it will yield a feasible process. 
However, the science is compelling and the team is making excellent progress towards reaching their 
goals. Overall, this is an excellent project with no significant weaknesses. 

• This project aims to expand the types of products that can be made from lignin. The research initially 
focused on engineering microbial strains for production of medium-chain-length alcohols and 
polyhydroxyalkanoates, and more recently on itaconic acid (2-methylenesuccinic acid) production. With 
itaconic acid, the project reached its milestone of achieving a 5-g/L titer from an aromatic and 2 g/L 
from real depolymerized lignin. This shows that there has been good progress on the engineering of the 
microorganism for itaconic acid production. The rationale for this project appears to be the predicted 
need to make valuable products from lignin to achieve the 2030 goals for the MFSP. The project goal is 
to diversify the portfolio of products that could be made from lignin because markets for potential 
products are small. There is some logic in trying to diversify the portfolio of products that a 
lignocellulosic biorefinery could produce. However, from a techno-economic perspective, it is not clear 
how using lignin to make products that could more easily be made from the carbohydrate-rich 
hydrolysates, such as TCA cycle derivatives, is a good approach for the biorefinery. A useful analysis to 
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answer this question would be a TEA comparison of using a small percent of the hydrolysate to produce 
the valuable itaconic acid, the rest to produce the fuel, and all the lignin burned to produce the energy 
needed to operate the biorefinery plus selling the excess energy as electricity. Would such analysis 
predict that the best MFSP be achieved when 100% of the hydrolysate is used for fuel production, or is 
there room for optimization of how much fuel is produced versus how much itaconic acid is produced, 
both from hydrolysate? 

• Uncoupling the growth and production phase utilizing different metabolic nodes is noteworthy and 
hopefully can be leveraged to other organisms and product pathways. The project’s product portfolio 
diversification will be a great outcome, although it is not explicitly clear that the final product (itaconic 
acid) is more valuable than the process intermediates. As the microbes appear to utilize carbon from a 
variety of substrates, do the economics on glucose as a feedstock from a Gen1 ethanol refinery work? 
Greater detail or illustration of the TEA could be helpful. Industrial challenges with the current 
benchmarks appear evident, microbial (Pseudomonas) biocatalysts, aerobic nitrogen-starved process, and 
limited productivity. As the presentation suggested, a couple of large biorefineries would saturate the 
chemical market; therefore, is the juice worth the squeeze?  

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for the constructive feedback. In regard to TEA, we are working toward higher 

titer, rate, and yield of molecules such as itaconic acid, but as a reviewer noted, we are still in the proof-
of-principle stage. Therefore, instead of modeling the current state of the art, we have used TEA to ask 
the initial question: “Could a plausibly mature bioconversion process be economically viable?” This 
allowed us to determine whether the process is worth the R&D effort to develop. We have taken a 
similar approach for other molecule targets. We agree that additional TEA will be critical in further 
evaluation of progress, and we plan to continue to engage with the NREL TEA team to further explore 
this. We also agree that other products may also be promising, and we will continue to use TEA to help 
inform our choices of which molecules to pursue as we work to expand the portfolio of products that can 
be made from lignin. The reviewer makes a good point about some molecules being easier to make from 
sugars. However, aromatics feed directly into the TCA cycle, making TCA cycle intermediates relatively 
easy to make from aromatics as well. In separately funded work, we have demonstrated simultaneous co-
utilization of glucose, xylose, arabinose, acetic acid, and p-coumarate. An interesting potential future 
direction could be conversion of mixed sugar and aromatic feedstocks for the production of itaconic acid 
and other products derived from central metabolism. It is important to note that our intermediate titer 
goals are 5 g/L (achieved) and 20 g/L (future), but we ultimately aspire to much higher titers (>100 g/L). 
A major challenge in reaching this goal is getting sufficient carbon into central metabolism, especially 
since the solubility of aromatics is low, which will likely require advances in lignin deconstruction and 
processing projects. 
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BIOLOGICAL UPGRADING OF SUGARS 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
The Biological Upgrading of Sugars project directly 
targets the anaerobic conversion of lignocellulosic 
feedstocks into intermediate molecules readily 
upgradeable to fuel precursors. Recent efforts on the 
project have a particular emphasis on the biological 
production of butyric acid, an intermediate that can 
be readily upgraded to sustainable aviation fuel, 
diesel blendstocks, and high-value chemicals. The 
project approaches this direction through a 
combination of strain engineering, fermentation process engineering, development of novel separations 
technologies, and the design and build of pilot-scale systems. Our ultimate project goal is to develop an 
integrated cost-effective process at pilot scale to achieve DOE’s Multi-Year Project Plan targets of $2.50/GGE. 
The major thrust of the project over the last project cycle was on the development of integrated processes 
surrounding the anaerobic production of carboxylic acids using diverse Clostridium species. We developed and 
expanded genetic tools for several Clostridium species and rewired microbial metabolism in an attempt to 
maximize substrate utilization and flux towards butyric acid. We designed and built novel bioreactors with an 
in situ product recovery system enabling the biological production and recovery of highly purified acids. We 
leveraged this system to generate hundreds of grams of acid from corn stover hydrolysate. In this presentation, 
we highlight data surrounding our proposed process and accompanying results from techno-economic and life 
cycle analyses of our integrated process. Finally, we detail plans of our pilot-scale reactor system that is in 
process and discuss our future routes towards achieving economically viable and sustainable diesel and jet 
blendstocks. 

 

WBS: 2.3.2.105 

Presenter(s): Adam Bratis; Jeff Linger; 
Michelle Nolker; Zia 
Abdullah; Courtney Payne 

Project Start Date: 10/01/2020 

Planned Project End Date: 09/30/2023 

Total DOE Funding: $950,000 
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Photo courtesy of NREL 

COMMENTS 
• Strengths: The PIs present a reasonable approach for improved butyrate production. In particular, the 

planned move to pilot scale is important and will generate data necessary to attract (or keep) potential 
partners on board. The project has identified and demonstrated conversion of the butyric acid 
intermediate to derivatives that will be drop-in hydrocarbons for jet fuel. Work in the planned research 
areas is showing progress. The team has identified and prioritized organisms showing high butyrate 
specificity while also being able to ferment both C5 and C6 sugars, which will be required for effective 
use of the carbohydrates from lignocellulose saccharification with production approaching 50 g/L in 
about 100 hours. This can lead to purified butyric acid via a hybrid extraction/distillation, in situ product 
recovery approach, which affords a good lab-scale demonstration of the planned process. The team has 
constructed a hybrid extraction-distillation in situ product recovery system that can run continuously, and 
has been used for butyric production for 300 hours. This is a strength of the project, as it provides proof 
of concept at a scale that will be of interest to commercial stakeholders. An additional promising 
achievement is the engineering of an organism with improved xylose utilization, countering xylose’s 
ability to restrict the active lifetime of C. tyrobutyricum during fermentation.  

Areas for improvement: Greater clarity in the envisioned operating scenarios would be helpful. In this 
presentation (and others), the production of a single chemical is being pursued that has a known value in 
the chemical marketplace. The butyric acid market is reasonably large (slide 10), along with its utility as 
a precursor to specialty chemicals and materials. These would seem to be better biorefinery targets, to be 
added to the portfolio of developing lignin coproducts. Thus, it is not clear why butyric is ultimately 
being down-valued to fuel components or precursors, and how the economics hang together. 
Specifically, production of butyric from petrochemicals offers significant competition based on 
production costs. To that point, the PIs indicate a goal of reducing dependence on petroleum-derived 
butyric, but this will not happen unless the production cost is lower than conventional production (oxo 
reaction of propylene followed by oxidation of the resulting butyraldehyde). Slide 20 indicates that total 
projected expense is $0.84/kg, with current butyric sales price of $1.80/kg. More clarity around these 
numbers and the assumptions behind them would be helpful. Later discussion with the PIs indicated that 
total projected expense is actually a production cost. But since none of the numbers in the bar chart add 
to $0.84/kg, it is unclear what this means. In any case, the best and most transparent economic 
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comparison would be on production cost of butyric via conventional means vs. this new approach. It is 
not clear how well the hybrid extraction-distillation in situ product recovery approach would scale to 
commercially useful levels, and accordingly, more information about whether this technology is 
currently practiced in industry, and at what scales, would be helpful. 

• The goal of this project is to produce butyric acid and hydrogen from lignocellulosic sugars. The 
hydrogen will then be used to upgrade the butyric acid to jet and diesel fuels. Overall, the objectives are 
clear. However, the milestones are not aggressive and would fail to substantively push the state of the 
art. It would help to better justify these objectives. That said, the team has made solid progress, so they 
on track to achieve their stated goals. No concerns were raised regarding the management of the project. 
In addition, the target of butyric acid is well justified. However, it is not clear whether upgrading butyric 
acid makes the most economic sense. The reviewer is also somewhat skeptical about developing co-
utilizing C5/C6 strains. Significant effort has been devoted to developing co-utilizing strains of yeast 
without much success. Recent work, in fact, suggest that co-utilization comes at a cost due to the limited 
resources and capacity of the cell. In other words, you need to downregulate C6 metabolism in order to 
enable C5 metabolism. Lastly, it was unclear what the relative advantages of liquid–liquid extraction 
versus extractive distillation were. It would help to provide some cost figures. That said, it was 
refreshing to see separations being considering in this project. 

• The project appears well organized, successfully executed, and running well. The track record for patent 
filings, publications, invention disclosures, and public presentations resulting from this work is quite 
good considering the development cycle. The anaerobic platform for blendstock production from sugar is 
a highly versatile and useful pathway. It is my opinion that the project pathway will have rapid impact if 
the end-of-project milestones are achieved during development. To meet the outlined milestones will be 
a demanding feat. Novel in situ product recovery is a substantial achievement, and the project team 
should be proud of the accomplishment. The internal collaboration team is excellent, and a highly 
diverse and strong resource pool is found on this project. Large-scale anaerobic bacterial fermentations 
are formidable; having the organism/process conditions self-select the fermentation pH in a desirable 
space in terms of infections is good luck. The effort to leverage organism improvement strategies 
through metabolic engineering, rational engineering, and culture evolution to optimize the strain rather 
than optimize the fermentation conditions to match the strain will be of greater impact. Your employed 
strategy is smart and aggressive. The FY 2021 design and build process versatility will be a great asset 
and utility for BETO. It is not clear how the current state of the art compares to the end-of-project 
milestones. The figure of 78 g/L of butyrate on corn stover hydrolysate and 300 hours of continuous 
operation is impressive. The engineered strain was reported to produce only 18 g/L butyrate in 120 
hours, however, so further clarity would be helpful. Good job! 

• This project focuses on producing butyric acid from the carbohydrates in lignocellulosic hydrolysates. 
Butyric acid would be a precursor for further upgrading to drop-in jet and diesel hydrocarbons, and it is 
central to one of the process pathways investigated for production of hydrocarbon fuels in the TEA 
performed in the biochemical platform analysis project. The project has many collaborations with other 
projects in the BETO portfolio. Good progress has been reported on using Clostridium tyrobutyricum as 
the key organism for production of butyric acid from glucose and xylose with induced cells and in fed-
batch systems. The progress made with the development of a hybrid extraction-distillation in situ product 
recovery system is worth highlighting, where the project is reporting higher titer, rates, and yields 
compared to experiments without in situ product recovery. There are abundant examples in the literature 
of lab-scale research into the potential benefits of in situ product recovery from bioreactors producing a 
variety of short-chain and medium-chain organic acids. In most cases, in situ product recovery uses 
liquid–liquid extraction and pertractive membrane systems. While most of the literature has examples at 
the small bench scale, this project has the opportunity for making a great impact on analyzing the 
benefits and challenges of in situ product recovery in a scaled-up pilot system. Equally important is the 
opportunity for helping define what key metrics should be considered and how they should be compared 
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to systems that do not have in situ product recovery. For example, the metric of butyrate production (i.e., 
titer in g/L) has a different meaning in batch or fed-batch reactors compared to reactors with in situ 
product recovery, since with in situ product recovery the reactor would be expected to experience lower 
accumulation of product. How should this metric be calculated, and what is a proper comparison with 
systems without in situ product recovery? This comparison is made in the report from this project, but it 
is not clear to this reviewer how the production was calculated. Is this a hypothetical concentration, or is 
this an actual measured concentration inside the bioreactor? The higher yields of butyrate when using 
corn stover hydrolysate compared to when glucose is the only substrate are curious (e.g., 0.53–0.59 g/g 
versus 0.44 g/g). Perhaps this is a result related to how this metric is defined, and some clarification 
would be useful. Is the metric not taking into account other carbohydrates that may be present on the 
hydrolysate and only based on the measurements of glucose and xylose concentrations? Lastly, one of 
the potential benefits of in situ product recovery in bioreactors producing organic acids is that pH control 
will require the use of lower amounts of base to keep the pH in the desired range. This was not 
highlighted in the techno-economic analysis. Is it not a significant factor on cost, or was it just not 
included in the analysis? 

• Well-balanced team with expertise in strain development, fermentation process development, end-
product process recovery, and chemical catalytic conversion. Risk mitigation is not outlined. 
Communication with collaborators is addressed. Approach rests on improving sugar utilization by the 
production strain and in situ end-product recovery by integration with the fermentation process. It is not 
clear what the method of pretreatment of corn stover used was. The PI is aware of some of the challenges 
for low-pH butyric acid production, C5 sugar utilization, and microbial toxicity from solvent use. The 
use of NaOH to neutralize acid and subsequent generation of free acid form contribute a significant cost 
to the production of butyric acid. The team reports a titer of 78 g/L with low productivity and a yield that 
estimates final cost of $0.84/kg, which is relatively high for a commodity-type chemical. The impact 
from a successful development of a continuous process for butyric acid that competes with fossil-fuel-
derived material is worth undertaking. C14 targeted as the drop-in fuel is interesting. These still need to 
be demonstrated at scale. Progress and outcomes described are reasonable, but meeting a favorable cost 
for production at pilot scale has not been demonstrated and will be challenging. On the overall, the 
project is worthwhile, but additional strain engineering selection and adaptation, as well as improved 
cost-effective recovery in continuous mode, are needed for a successful outcome. A side-by-side 
comparison of the production of butyric acid with 2,3-BDO by BETO will be helpful in assessing long-
term strategy with pros and cons. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for the thoughtful responses that will certainly help improve the future impact of 

the Biological Upgrading of Sugars project. We appreciate the many supportive comments from the 
panel, but will focus our response here on clarifying some selected points that may not have been 
sufficiently explained during the oral presentation through answering some questions laid out in the 
reviewer responses.  

Q1: It is not clear what the method of pretreatment of corn stover used was. 
The experiments we presented utilized deacetylated, mechanically refined and enzymatically hydrolyzed 
corn stover. However, this organism has also been shown to efficiently utilize hydrolysates from dilute 
acid pretreatment.  

Q2: The team reports a titer of 78 g/L with low productivity and a yield that estimates final cost of 
$0.84/kg, which is relatively high for a commodity-type chemical.  
Total projected expense is $0.84/kg, with current butyric sales price of $1.80/kg. More clarity around 
these numbers and the assumptions behind them would be helpful. 
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First, we anticipate that the use of a less-toxic extractant in the hybrid extraction-distillation in situ 
product recovery will increase our productivity and yields, thus reducing our modeled costs. However, 
productivity is not a major cost driver in this anaerobic process. The detailed techno-economics will be 
available in an upcoming manuscript. Briefly, the total projected expense is a summation of CapEx and 
operating expenses, including corn stover handling, pretreatment, enzymatic hydrolysis, fermentation, 
and downstream processing. If variable operating expenses and taxes are incorporated, the minimum 
product selling price for butyric acid from the hybrid extraction-distillation in situ product recovery setup 
is modeled at $0.99/kg. The $1.80 butyric acid selling price that was referenced is a published market 
price of petroleum-derived butyric acid. It is not uncommon for bio-derived products containing oxygen 
or other heteroatoms to have a cost advantage relative to petrochemicals that start with a non-oxygenated 
feedstock.  

Q3: The reviewer is also somewhat skeptical about developing co-utilizing C5/C6 strains. 
We apologize for the lack of clarity in our description of C. tyrobutyricum metabolism. C. tyrobutyricum 
is a native utilizer of xylose, and through our development of a high-xylose-containing seed culture, as 
well as a fed-batch operation, we can achieve efficient co-utilization of glucose and xylose. Enhanced 
glucose/xylose co-utilization in C. tyrobutyricum has also been demonstrated via genetic engineering 
approaches, and we have replicated similar approaches in our lab. The initial co-utilization of sugars in 
the batch phase is poor. To overcome this problem, we initiate the batch phase with diluted hydrolysates. 
However, this dilution would add an additional cost to the process. Thus, if we improve the co-
utilization, fermentations could be initiated at higher initial sugar concentrations.  

Q4: How should this metric be calculated and what is a proper comparison with systems without in situ 
product recovery? This comparison is made in the report from this project, but it is not clear to this 
reviewer how the production was calculated. Is this a hypothetical concentration, or is this an actual 
measured concentration inside the bioreactor? 
We measure actual concentrations within the bioreactor as a means to understand pertraction efficiency 
and compare it to traditional fed-batch processes without extraction. Our stated titers represent the total 
amount of acid recovered via pertraction (g) divided by the final volume of the fermentation broth at the 
end of the cultivations.  

Q5: Lastly, one of the potential benefits of in situ product recovery in bioreactors producing organic 
acids is that pH control will require the use of lower amounts of base to keep the pH in the desired range. 
This was not highlighted in the techno-economic analysis. Is it not a significant factor on cost, or was it 
just not included in the analysis? 
We apologize that this was not sufficiently explained. You are correct, this represents a drastic cost 
savings provided by the in situ product recovery system, and we fully take this into account. In fact, 
during the fermentations, the pertraction of butyric acid is able to auto-control the fermenter pH so that 
no expensive base addition is required.  

Q6: [The hybrid extraction-distillation in situ product recovery system] is a strength of the project, as it 
provides proof of concept at a scale that will be of interest to commercial stakeholders. 
We could not agree more, and that is why this is the central focus of our project during this research 
period of performance.  

Q7: The butyric acid market is reasonably large (slide 10), along with its utility as a precursor to 
specialty chemicals and materials. These would seem to be better biorefinery targets, to be added to the 
portfolio of developing lignin coproducts. Thus, it is not clear why butyric is ultimately being down-
valued to fuel components or precursors, and how the economics hang together. 
This is a fantastic and central point to our project philosophy and warrants further discussion. The 
primary objective of this project is to identify economically and environmentally feasible routes towards 
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making biofuels. However, it should be noted that while we are modeling the production of a biofuel 
from butyric acid, we fully support using it as an intermediate for alternative bio-derived chemicals and 
materials. The entire research portfolio of this project is focused on the production of butyric acid as an 
intermediate, and we are end-product-agnostic. However, we work with other BETO-funded projects 
(e.g., CUBI and the Biochemical Platform Analysis projects) to develop and model butyric acid as an 
intermediate to performance-advantaged, drop-in biofuels. We do not believe that these directions need 
to be mutually exclusive, and our singular focus during this 3-year period is on demonstrating cost-
effective, highly pure, renewable butyric acid at pilot scale that can be utilized by myriad downstream 
processes to make diverse fuels and chemicals. 
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IMPROVING TOLERANCE OF YEAST TO LIGNOCELLULOSE-DERIVED 
FEEDSTOCKS AND PRODUCTS 
Massachusetts Institute of Technology 

PROJECT DESCRIPTION 
Combined substrate-product toxicity remains one of 
the main obstacles hampering the scale-up and cost-
effectiveness of bioprocesses harnessing 
lignocellulosic feedstocks, the most abundant, 
renewable terrestrial resource. Hydrolytic 
pretreatments release numerous inhibitors impinging 
on cell viability: the three most acute to yeast (the 
industry-dominant biocatalyst)—and universal to all plant sources—are furfural, hydroxymethylfurfural, and 
acetic acid. Likewise, desired fermentation products, such as fuel ethanol or commodity organic acids, are 
toxic to microbes, typically via unknown biological mechanisms. Here, we have engineered both hydrolysate 
and end-product tolerance in yeast by combining previously shown alcohol protective modifications with 
evolved genetic activities targeting the major pretreatment inhibitors. When tested on a wide sampling of 
genuine lignocellulosic feedstocks, ethanol production increased by >30% on average to titers >100 g/L, 
achieving parity with clean-sugar equivalents where conditions permit. Furthermore, we designed the tolerance 
capability to be fully transferable to preexisting metabolic chassis strains. As such, we “drop in” hydrolysate 
competence into one producing lactic acid, demonstrating the first-ever production of a cellulosic plastic at 
industrial titers. Our advances thus renew the potential of cellulosic biomass utilization for sustainable fuel and 
non-fuel products at scale. 

 

WBS: 2.3.2.208 

Presenter(s): Greg Stephanopoulos 

Project Start Date: 10/01/2016 

Planned Project End Date: 03/31/2021 

Total DOE Funding: $1,500,000 
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COMMENTS 
• I am very glad to see the focus on yeast as opposed to bacteria within the project for obvious pragmatic 

reasons. The approach to biologically detoxify the diverse hydrolysates by building catalyst tolerance, 
toxicity physiology, and toxicity genes is actually pretty exciting, perhaps even novel. The end-of-project 
milestone of 100 g/L EtOH on real hydrolysates was achieved. The reductase evolution was also 
successful in boosting aldehydes to aldehyde alcohols. The breadth of the substrates and pretreatments 
processes tested enhances my opinion of the project and confidence with the methodology, so I am very 
glad that was pursued. The industrial relevance of the project does not appear to be substantial with 
respect to titers by contrasting commercially available strains; however, the project’s learnings are of 
value. 

• Management consist primarily of MIT team collaborators. Structure, tasks, and subtasks were provided. 
Some innovation was outlined in approaches. Risks are not described or addressed but may have been 
provided as challenges. Three primary approaches were taken to characterize toxic compounds—impart 
tolerance to an engineered strain, and adapt strains to another product (lactic acid). Improving yeast 
tolerance to biomass hydrolysates is within BETO's focus areas. Much is already known and published 
about inhibitors and mechanism of inhibition and detoxification. The listed approaches, as such, are not 
as innovative, but combining multiple approaches can be. Impact is hard to gauge to industry as there is 
no comparison to current industrial strains that have been engineered, selected, and adapted for C5/C6. 
Lactic acid production at low pH is already commercially viable with robust strains from C6 sugars, but 
commercial production from C5 sugars has not been reported. Progress and impacts is narrow and 
limited to demonstration of production of monoethylene glycol, but no data were obtained with 
hydrolysate due to the pandemic. My overall impression is that it is a good, successful project but may 
not have a major impact. The identity of the gene involved in potassium-ion transport and reductase is 
not disclosed but maybe subject to intellectual property filing. Reduced toxicity to acetate above pH 4.5 
has been reported and is well described in literature. Engineered strains with improved reductase has also 
been reported. Based on that, the best reductase and potassium transporters involved, if characterized, 
represent new findings. The PIs need to be congratulated on testing hydrolysates past 2 years. 
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Transferring the reductase and potassium transporter to industrial strains will prove further validation of 
the approaches taken once demonstrated. 

• Strengths: The high-level goals of this project are potentially useful. The PIs wish to introduce both 
substrate and product tolerance into yeast, initially focusing on cellulosic EtOH production. In parallel 
with BETO’s move beyond EtOH, this approach has been further adapted for the production of lactic 
acid and monoethylene glycol from lignocellulosics. Overall, the project offers the potential of tailoring 
organisms for production of a range of different chemical products from sugars. The processes also work 
with real biomass hydrolysates, addressing comments from earlier peer reviews. The research has made a 
number of useful observations. The source of toxicity in hydrolysate was linked to acetic acid, furfural, 
and hydroxymethylfurfural. By operating at a lower pH and increasing the concentration of potassium 
ion, acetic acid is neutralized, while furfural and hydroxymethylfurfural are converted to the 
corresponding alcohols, whose toxicity is not observed at higher potassium concentration. Accordingly, 
reductases have been engineered into their organism to boost further production of the nontoxic alcohols, 
leading to improved EtOH production. At the same time, they have also shown that their reductase-
modified yeast, operated at high potassium and low pH, also can generate 50–60 g/L of lactic acid from 
real cellulosic hydrolysates. This is a nice combination of solutions to some primary problems in 
bioconversion.  

Areas for improvement: The presentation fails to include any TEA or comparative production costs, so a 
side-by-side evaluation of this approach to conventional EtOH production from either starch or cellulose 
can’t be made. While the PIs appear to have developed an interesting solution, it will not be adopted 
unless there is a compelling economic justification. Overall, the technology is interesting, but the actual 
impact is unclear because there were no benchmarks given. This approach has been used with xylose, 
and was ported to the production of monoethylene glycol at 4 g/L. This value is low, but listed as the 
highest for this particular compound from yeast. The PIs indicated that they simply wanted to 
demonstrate that a non-native product could be made using their technology, but it would have been 
useful if the rationale behind the choice of monoethylene glycol was clearer. 

• The goal of this project is to improve the tolerance of yeast to hydrolysates. A key finding was that 
elevated potassium concentration and pH increases tolerance to inhibitors within hydrolysates. In 
addition, the team screened a number of reductases and found ones that further increase tolerance. The 
most significant advance was the use of real hydrolysates, a concern raised during a previous review. 
The team should be commended for listening the reviewers, especially since they achieved strong results. 
While the initial focus was on cellulosic ethanol, the team then expanded the product portfolio to lactic 
acid and monoethylene glycol and achieved strong results. Overall, this has been a successful project that 
has made great strides since the last review. 

• The project goal is to engineer yeast strains with tolerance to inhibitors in hydrolysates. The team 
developed a strategy for cultivation at elevated potassium concentrations and higher pH, which helped 
prevent inhibition of fermentation from acetic acid. Then, the team identified that conferring tolerance to 
the alcohols of furfural and 5-hydroxy-methylfurfural was another successful strategy to prevent 
inhibition. They screened for reductases that conferred tolerance to furfural and hydroxymethylfurfural 
alcohols and subjected a selected reductase to evolution experiments under increasing concentrations of 
furfural, hydroxymethylfurfural, and acetate. In the end, the strain with the evolved reductase was shown 
to have superior performance in ethanol production when grown in several real hydrolysates. These are 
impressive results. The team also demonstrated that the strategy could be transferred to strains that 
produce lactic acid, and are now working on using the same strategy for developing strains to produce 
monoethylene glycol from lignocellulosic hydrolysates. Overall, a well-conducted project with 
promising results for industrial application. 
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PI RESPONSE TO REVIEWER COMMENTS 
• With the project now sunsetting, many thanks to our reviewers past and present for their feedback. As 

noted in the current assessment, a particularly fruitful recommendation from a prior Peer Review was to 
pursue validation on genuine biomass hydrolysates. Although surprisingly nontrivial to source, that we 
were able to secure and test on a range of feedstocks (representing a variety of pretreatments and crops) 
ultimately enhanced the impact of our results considerably. Regarding the lack of a TEA, we agree with 
this deficit and are aiming to gain clarity on the potential cost advantages conferred by this work through 
an upcoming collaboration. Finally, due to the COVID pandemic, our original plans for cellulosic 
monoethylene glycol—i.e., demonstration of a non-ethanol cellulosic product—had fallen into jeopardy 
as a result of lengthy laboratory shutdowns. Fortunately, upon restart, we pivoted quickly to cellulosic 
lactic acid using a prior-engineered chassis and were able to demonstrate likewise the ease and high 
degree of tolerance portability. With functional orthogonality established, we look forward to exploring 
the reach of cellulosic products through additional pathway engineering, as well as that of organisms 
beyond S. cerevisiae. 
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BIODIESEL AND HIGHER-VALUE PRODUCTS FROM STILLAGE FIBER 
Xylome Corporation 

PROJECT DESCRIPTION 
The goal of this project is to make biodiesel 
precursors from dissolved organics and corn fiber in 
grain ethanol stillage. We will accomplish this by 
engineering hyper-lipogenic strains of Lipomyces 
starkeyi to express and secrete cellulases and 
xylanases. At the end of our project, we expect to 
demonstrate fermentation with our top strain on 
stillage fiber in a commercial pilot plant. 

Our technology draws on newer processes that separate and recover protein from stillage fiber. It is also 
capable of using pretreated corn stover to make biodiesel precursors. If our project is successful, we will save 
disposal costs for stillage while moving grain ethanol plants to cellulosic biodiesel. Our goals are to (1) 
identify useful cellulases and xylanases that are active in Lipomyces, (2) obtain transformants that show high 
activities, (3) mate and screen the strains against model substrates, (4) achieve enzymatic digestion of and 
growth on commercial substrates, and (5) scale up the process in a pilot plant. 

Thus far, we have cloned, transformed, and expressed 14 cellulolytic and xylanolytic enzymes, and we have 
exceeded our go/no-go Phase 2 by solubilizing 15% of a pretreated corn stover. We have also demonstrated a 
33% increase in lipid accumulation by our genetically engineered strains growing on stillage fiber. 

In the coming months, we will transform our best strains with more cellulolytic and xylanolytic enzymes, scale 
up in 3-L bioreactors, and begin plans for commercialization. 

 

WBS: 2.3.2.223 

Presenter(s): Thomas Jeffries 

Project Start Date: 10/01/2018 

Planned Project End Date: 10/31/2022 

Total DOE Funding: $1,999,333 
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COMMENTS 
• Management plan looks adequate. There is a reference to two industrial partners, but it is not clear if they 

are actively involved in the work and their contributions. Risk and risk mitigation were not addressed. 
The overall approach to engineering Lipomyces starkeyi to use fiber cellulose is interesting. I’m not sure 
why cloning xylanases is needed, as it is not clear if the wild-type strain can utilize pentoses, as not all 
strains of Lipomyces can utilize xylose. It is also not clear if this strain is tolerant to organic acids that are 
present in stillage fraction, and what is the pH used and other conditions used in the fermentation 
(aerobic, microaerophilic, anaerobic)? This project, if successful, can serve as a transition from 1st Gen 
to 2nd Gen, so is within the scope of BETO's mission. The overall impact of this project is limited to dry 
mill corn ethanol plants. A TEA and LCA is needed to establish economic and environmental footprint 
from producing biodiesel from cell biomass. There is no process work to indicate how oil is extracted, 
yield from whole-cell extraction, or extractant used. TRY data are not provided. Two potential industry 
partners are mentioned, indicating some interest in this process. Progress looks good as outlined in goals 
and tasks. Outcomes are hard to establish with limited information provided on economics. The overall 
impression is that it is a good project to establish the feasibility of using stillage to generate lipid-
containing cellular biomass. It would be good to have more quantitative information to assess the 
economic viability of the project. Material balance is critical for a proper TEA/LCA. It would have been 
good to have more information on lipid yield from cell mass and more information on the fermentation 
process that is most likely aerobic, so the cost of production would be relatively high. Earlier work done 
at NREL and the U.S. Department of Agriculture in Peoria has already demonstrated that it is not 
economical to produce lipid-containing cells. A stand-alone fermentation process would not be 
commercially viable. 
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• Strengths: The project is targeting the production of biodiesel precursors through biotransformation of 
organic species present in ethanol stillage waste streams. The concept integrates nicely with the larger 
BETO approach, as DMR will be used to convert the insoluble fiber into a feedstock for fermentation. 
Stillage could be an interesting feedstock, as a typical dry mill produces around 125 million gallons/yr. 
The presentation describes a well-established approach of engineering, screening, and testing L. starkeyi 
to find organisms with the highest activity in this application. The team has been able to make progress 
toward their goals. Cellulase activity has been increased (slide 10), and the required cellulase, CBHs, and 
xylanases have been incorporated into their lead organism. Initial results have been used to generate 
improvement in second-generation organisms (slide 13), which have been examined for their ability to 
dissolve filter paper (slide 15). Finally, third-generation organisms have been developed by rolling up 
bioprocess improvements from the earlier work to identify lead organisms that perform with high 
efficiency in the team’s filter paper tests. In tests on real stillage fiber, the lead organisms display 
considerable improvement in the production of lipid (slide 18).  

Areas for improvement: The PIs do not report any TEA or potential impact of biodiesel coproduction on 
the overall economics of a dry mill, which is surprising. Estimates of the biodiesel that an EtOH plant 
could make, and whether it would be of sufficient volume to affect the much larger biodiesel market, are 
important. This is a critical omission, as economics are at the heart of any viable fuel production 
scenario. Information on the concentration of fermentable materials in the thin stillage would be useful 
so that a sense of the cost for evaporation could be obtained. 

• The goal of this project is to capture the residual value in corn by targeting fiber in stillage and dry 
distillers grains by producing lipid with the oleaginous yeast Lipomyces. Overall, the problem is 
compelling and presents an interesting value proposition. The management plan is strong and clear 
milestones are provided. The team is meeting their milestones, specifically with regards to engineering a 
cellulolytic strain of Lipomyces. In addition, the project involves some nice science. Going forward, the 
team is planning to test their strain on stillage in a pilot plant through a contract manufacturer. While the 
vision is compelling, it is difficult to evaluate whether the process will be economically viable. In 
particular, the process will require aeration. It is unclear whether lipid from stillage will be able to justify 
an aerobic fermentation with the associated costs. More detailed TEA would address these concerns. 

• The goals of this project are to engineer hyper-lipogenic strains of Lipomyces starkeyi to express and 
secrete cellulases and xylanases and use them to make biodiesel precursors from thin stillage in corn 
ethanol biorefineries. The team has demonstrated success in cloning and transformation of L. starkeyi. 
Fourteen different enzymes have been expressed in L. starkeyi. Good progress. 

• The project theory is really great, and I am very excited about lipid production in the Gen1 space. 
Regarding the presentation, a significant amount of time was dedicated to project leadership and staff 
duties over the technical features and progress of the project. I would rather have the inverse 
relationship, emphasizing technical content. There is contention with minor points of the presentation, 
while composition data appears slightly incorrect, which leads to concern regarding the project’s larger 
points that I hope to clarify. Historically, corn oil has gone to feed markets, biodiesel production, and 
heating oil. Today, the corn oil market is rapidly changing in terms of value and users, with massive oil 
diversion to renewable diesel facilities, as new conversion capacity is rapidly coming online. Renewable 
and biodiesel processes are substantially different, though. My mention of this is of little consequence 
here; however, a clear understanding of markets past and present (oil, feed, fiber, ethanol) and process 
requirements or oil quality considerations might be important for project guidance. The de-fatted syrup 
composition appears fundamentally incorrect; there is no reporting of fat content, and syrup with equal 
parts glucan and glycerol only exist during process upset conditions. Syrup protein content in standard 
Gen1 facilities is generally 20% (dry mass basis). These minor homework details lead me to question 
how syrup impurities affect this process? Basic understanding and discussion of feedstock variability 
would be helpful. Processing aids, protease usage, decanters on the whole stillage side, and tricanters or 
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disk stack machines on the oil side will produce highly variable stillage and syrup compositions. My 
point here is that there will be volatility in the substrates, and any information relating to that would be 
useful. As the presentation indicates, stillage and fiber are "wet waste products"; however, they are 
currently selling at $220/dry ton. Are the stillage and fiber feedstocks selected due to their opportunity 
costs or their composition? If the answer is composition, perhaps utilization of a clarified mash-train, 
slip-stream, could reduce the proposed biological complexity. I imagine lipids to be of higher value in 
comparison to ethanol. Addition of a preliminary TEA, mass and energy basis, and clarity on feedstock 
selection would be helpful. 

PI RESPONSE TO REVIEWER COMMENTS 
• We greatly appreciate the many positive comments and suggestions, and we welcome the questions 

because they enable us to think constructively about the work. As noted, our project integrates closely 
with the larger BETO approach, particularly DMR corn stover, which we see as a major advance in the 
pretreatment of agricultural residues. By design, Xylome’s process integrates with first-generation 
ethanol facilities, while moving the renewable fuel industry toward biodiesel and high-energy-density 
fuels from cellulosic feedstocks. Xylome expects existing biofuel facilities to become the cornerstones 
for advanced second-generation plants because they are optimally situated with respect to existing ag-
residue, rail, water, power, and workforce resources. Xylome’s native strain consumes amylodextrins 
and xylose rapidly and glycerol and arabinose slowly.  

With respect to strain development: Through metabolic engineering, Xylome scientists have attained an 
approximate 300-fold increase in assayable cellulase activity when our first cellulase transformant is 
compared to our most recent cellulase strains. Our current activity is equivalent to that of a commercial 
cellulase preparation diluted 1:50, or a loading rate of 2.0%. We observe significant substrate 
degradation and lipid accumulation when cellulase-engineered cells are cultivated on DMR. With respect 
to oil recovery, Xylome scientists have developed low-cost and highly energy-efficient processes to 
recover the oil efficiently and in high yield. One involves homogenization followed by solvent 
extraction; the other uses an enzymatic process that releases oil bodies from the cell, which then float to 
the surface. The lipid bodies are separated from the hydrolysate and then homogenized at low pressure 
and extracted. In the enzymatic process, the hydrolysate can be recycled for cell growth. Both processes 
result in highly pure oils.  

We completed a TEA in July 2019 as part of our original application but neglected to update it in the 
review. In a bioreactor trial at Xylome, one of our engineered L. starkeyi strains converted a DMR 
pretreated corn stover hydrolysate (supplied by NREL) into lipid with a yield of 20.5 g of oil per 100 g 
of DMR syrup (75.5% of standard biochemical yield without reductant balancing). If one assumes that 
the cost of sugar in the DMR syrup is $0.16/lb and 7.68 lb of oil is necessary to make 1 gallon of 
biodiesel, this results in a feedstock cost of $6.00 per gallon of biodiesel. In our current economic model, 
we estimate that the in situ saccharification, DMR pretreatment, and transesterification processes would 
each add 20% to the cost of the biodiesel. With present oil yields from corn syrup and DMR hydrolysate, 
we estimate that our lipogenic and cellulolytic strains could produce lipid from pretreated substrate at a 
level of 20.5 g/g. With an estimated cost of fiber from distiller’s dried grains with solubles between 
$0.036 and $0.044 per pound, the feedstock cost for biodiesel would be between $1.85 and $2.20 per 
gallon. In the case of stover at $77 per metric ton, the resulting feedstock cost would be $2.51 per gallon. 
We think that 0.28 g oil/g sugar or 85% of theoretical yield is a realistic goal for our cellulosic 
Lipomyces strain development. The total amount of oil that could be produced by the Xylome process 
depends on the resource base. Assuming our current yield of 75.5% of theoretical, a 100-million-gallon-
per-year ethanol plant generates enough distiller's dried grains with solubles fiber and solubles for the 
Xylome process to produce 31 × 106 kg of oil per year. This is essentially as much oil as is found in the 
corn grain, about 4%–5% oil, of which approximately 20%–33% is recovered in current processes. 
Profitability of dry mill ethanol production remains low, so higher byproduct values are necessary. If 
80% of the corn stover used to produce the grain is included as a feedstock for the Xylome process, then 



2021 PROJECT PEER REVIEW 

 

385 BIOCHEMICAL CONVERSION AND LIGNIN UTILIZATION 

180 × 106 kg of oil could be produced from the stillage, fiber, and stover available from a 100-million-
gallon-per-year ethanol plant. More than 90% of U.S. ethanol production of 14 × 109 gal/year comes 
from dry mill plants, so from about 126 dry mill plants of this size, the Xylome process could produce 
22.7 million metric tons of oil. This would be more than twice the U.S. consumption of soybean oil in 
2020 (10.43 × 106 metric tons). 
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BIOLOGICAL CONVERSION OF THERMOCHEMICAL AQUEOUS 
STREAMS 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
Thermochemical biofuels production via both 
pyrolysis and hydrothermal liquefaction produces 
aqueous waste streams, typically with organic 
compounds at concentrations of ~50–100 g/L. These 
streams represent a wastewater treatment cost and 
carbon loss for the thermochemical biorefinery, but 
the concentration range for these compounds is ideal 
for bioconversion. To that end, the Bioconversion of 
Thermochemical Intermediates project is developing 
advanced analytics and engineered microbes to convert these waste streams to coproducts, with the overall aim 
of improving the economics and carbon conversion efficiency of thermochemical biorefining. 

To date, we have primarily focused on development of advanced analytical chemistry approaches to fully 
characterize thermochemical aqueous streams and engineering of Pseudomonas putida for conversion of 
nonconventional substrates, including methylated phenolics, cyclic ketones, furans, and C1–C3 light 
oxygenates, into atom-efficient products. Two primary challenges are the rapid deployment of aqueous-
compatible analytics to changing upstream conditions and dealing with the toxicity of the feed streams to 
engineered microbes. The project efforts have resulted in engineered strains of P. putida able to consume 90% 
of the organic compounds in aqueous waste streams from catalytic fast pyrolysis, more than 300-fold toxicity 
tolerance improvements in P. putida, and carbon closures exceeding 90% for thermochemical wastewater 
streams across multiple processing technologies. 

 

WBS: 2.3.2.301 

Presenter(s): Adam Bratis; Gregg 
Beckham; Michelle Nolker; 
Zia Abdullah; Courtney 
Payne 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $1,200,000 
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Photo courtesy of NREL 

COMMENTS 
• Management team is adequate. Tasks and subtasks and risks and mitigation are addressed. The approach 

is interesting, as it aims to monetize low-value aqueous carbon generated from waste of thermochemical 
conversion. The approach is also applicable to wastewater at existing treatment facilities. Approach 
requires timely analytical capabilities and robust P. putida strains that are tolerant to toxin. These strains 
need to have a diverse metabolic repertoire that can convert a range of chemistries. Impact can be far-
reaching, as the project aims to create value from toxic compounds in water discharges that would 
require otherwise added cost to handle and discharge. Material balance and good conversion of waste 
carbon to desirable end products that were described was not provided. On the overall, the project aims 
to enable thermochemical conversion by capturing and reducing discharged organic carbon in aqueous 
waste streams to higher-value end products. A key question for BETO is how technical successes can be 
deployed at commercial scale and what products and product mixes are competitive based on a thorough 
TEA/LCA. A review of the current industrial uses of P. putida would also be helpful, as it has been used 
in the past primarily in research on bioremediation of contaminated soils and to address on land and to 
mitigate damage from aquatic petroleum spills. A compelling TRY, as well as TEA/LCA, would help in 
determining if this is a commercially viable concept. 

• Strengths: The project has identified organics present in the aqueous waste stream of lignin pyrolysis as a 
potential source of high-value compounds. At a high level, it is a laudable goal to try to take a mixture of 
dozens of organics in wastewater and convert them to a small number of products. The science in this 
work is outstanding and includes elegant fundamental strain development targeting conversion of 
multiple compounds with varying structural and kinetic profiles into a small number of products. The 
fundamental research also offers potentially practical applications, as engineering has successfully 
demonstrated high levels of conversion for model mixtures of compounds and the mixture of compounds 
in the aqueous pyrolysis stream. This is a scientifically interesting result, showing that organisms can be 
developed that are tolerant to a wide range of structural differences and chemical properties. The team 
continues to evaluate methods for improving organism toxicity tolerance, and has made useful advances 
in that area that will have application outside of the specific areas targeted in this project. The research is 
the basis of multiple publications in high-impact journals. The project’s concept of developing robust 
analytical methods is a real strength, as understanding of the feedstock composition and how it changes 
with time or pyrolysis conditions is critical for developing organisms insensitive to these changes. The 
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PI’s choice of Pseudomonas is appropriate, as the team’s previous work has demonstrated that biological 
funneling accommodates many different materials contained in the feedstock stream.  

Areas for improvement: Questions arise with regard to whether this work will be industrially viable. 
Pyrolysis oil is exceptionally complex by itself, and the isolation of a dilute aqueous stream simply 
multiplies that complexity. It is not clear that this approach can produce enough value-added product 
from a mixture of dozens of compounds to make an economic difference. Some of the measurements 
could be more clearly presented. For example, the concentration of organics in the wastewater are shown 
as g/kg, but it is not clear whether this is per kilogram of lignin in the starting biomass or per kilogram of 
wastewater produced. If the latter, the handling of large volumes of water will impose a significant cost 
on the process. Second, the presentation would benefit from a simple mass balance flow chart: 100 g 
lignin to X g of aqueous-soluble convertible compounds to X g of a single intermediate to X g of a final 
product. This information is important for understanding the impact of this work and whether it makes 
sense to add such a unit operation to a thermochemical biorefinery. The TEA results could be more 
clearly presented. The impact on the $/GGE goals is based on the sales cost of adipic acid. However, no 
information is given regarding the production cost of adipic from the multistep fermentation or the 
assumptions behind the TEA evaluation. What percentage of the carbon needs to become adipic to 
achieve economic goals, yields, titers, etc.? What is the plan for the rest of the carbon? Additional issues 
arise from the work to make muconates as new performance-advantaged bioproducts. Model mixtures 
can be converted to mixed muconates at 90% yield, targeted as industrial plasticizers. Assuming that 
these compounds first get over the barrier of industrial acceptance, a customer would not pay the prices 
necessary to affect the $/GGE for a mixture when they could buy a pure compound that does the same 
thing or better. The same questions apply to the cyclic ketones that have been isolated from the waste 
streams and the value/utility of the diacid mixtures resulting from their conversion. 

• The goal of this project is to valorize carbon waste generated by thermochemical biomass conversion by 
using an engineered strain of Pseudomonas putida to transform these low-value chemicals into high-
value ones such as cyclopentanone and methyl muconate. The project involves two components: first 
analyzing the compounds within the carbon waste streams and then using P. putida to upgrade them. 
Overall, this is an exciting project with strength in analytic chemistry, metabolic engineering, and 
techno-economic analysis. Progress has been outstanding, particularly with regards to the strain 
engineering efforts. In the process, the team has been able to capture almost 90% of the carbon in the 
waste streams. In addition, the team is also using lipidomics to better understand the toxicity and 
tolerance mechanisms. This is clearly a necessary activity, though still in an early development phase. 
While the science is great, the impact is a little unclear. As the team notes, this is still early-stage 
research, so clear milestones are difficult to define as the state of technology is unknown. That said, 
having some high-risk projects within the BETO/NREL portfolio is considered a positive and should be 
continued if possible. Moreover, the team is making fantastic progress, so this is not a major concern. 

• The project appears well thought out, organized, well managed, and well executed. The project’s history 
of patents, publications, invention disclosures, and public presentations resulting from this work is quite 
good. The displayed progress and outcomes are substantial—analytics, carbon closure, and conversion, 
albeit synthetic/defined media utilization. The analytical developments within the project are impressive. 
Catalytic fast pyrolysis carbon closures of near 100% is really outstanding; however, the instrumentation 
litany required to do that is also considerable. Instrumentation applied this way as a guide and tool for 
fundamental research is well merited but not really practical outside of that space. Can the analytical 
learnings be boiled down to an industrial application or broadly available methodology similar to NREL 
laboratory analytical procedures? I understand the value of targeting wastewater treatment, but can this 
apply broadly or correlate directly to other process streams? The presentation indicated that substrate and 
upstream process changes significantly impact the bioconversion, which I interpret as a relevance 
challenge. In other words, it has to be robust or the napkin economics falter rapidly. Overall good job, 
well done! 
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PI RESPONSE TO REVIEWER COMMENTS 
• We thank the Review Panel for their positive feedback and useful, constructive criticisms. One clarifying 

note: this process is not intended for lignin pyrolysis, but for pyrolysis of whole biomass, which is being 
pursued in the BETO portfolio. In terms of the industrial viability from an economics perspective, we 
presented TEA using the NREL pyrolysis models as our baseline to ascertain if this approach could be 
viable and add value to the thermochemical biorefinery. The definitive answer is that this approach, if 
successful, could add value to the thermochemical biorefinery, even if a relatively small amount of the 
original biomass is diverted to coproducts.  

In terms of the presented concentrations, we mention the “g/kg” concentration on a slide that shows the 
concentration of biomass-derived components in the aqueous waste streams. This number was presented 
to demonstrate that the range of organic species in the aqueous waste streams, as the reviewer notes, is 
quite low from a chemical processing perspective, especially for recovery or essentially anything but 
wastewater treatment in the current iteration of this process concept, but we emphasize that the reported 
ranges are ideal for biological conversions. Hence, these concentration ranges in the aqueous waste 
streams from pyrolysis form the entire basis for this project. In terms of the organic content from the 
starting biomass, this number was also presented, but likely fairly quickly, so we apologize if this was 
not clear. The starting biomass fraction that ends up in the aqueous waste stream tends to be ≤10%.  

In terms of a simple mass balance, the results of this will depend on the upstream process being modeled. 
As noted, ~10% of the biomass typically ends up in the aqueous waste stream from catalytic fast 
pyrolysis. We are targeting conversion of >90% of that, as shown in the presentation. These data were 
used in the TEA presented on slide 10 of the presentation.  

Regarding the clarity of the TEA, we are intending to report this in an upcoming peer-reviewed 
publication, wherein we will be able to go into much more detail relative to the short time spent on this 
in the Peer Review presentation. We stress that this is a low-TRL project as well, a completely new 
process concept for aqueous waste valorization in a thermochemical biorefinery, and that the TEA 
shown in the presentation serves as an indication of the viability of this approach. The information that 
the reviewer is requesting is available and will be reported in future peer-reviewed publications. The use 
of methyl muconates as plasticizers is being pursued in the “Synthesis and Analysis of Performance-
Advantaged Bioproducts” project (2.3.4.501). Certainly there are many hurdles for the industrial 
acceptance of any new compound, and we are aware of that. However, as shown in the 2.3.4.501 
presentation, methyl muconates offer performance advantages over currently used toxic plasticizers that 
are being phased out of use. More importantly, and as noted during the presentation, the challenging part 
of the Bioconversion of Thermochemical Intermediates project is not what products we make, but rather 
overcoming the toxicity barrier and funneling the majority of the carbon into single products—the end 
products we choose in the effort are merely exemplary. Once carbon is in central carbon metabolism, the 
tools of metabolic engineering and synthetic biology can be applied to make many different products.  

In response to the lack of material balance and conversion data not being provided, slides 11–13 show 
that we are able to biologically convert ~90% of the carbon in catalytic fast pyrolysis aqueous streams in 
engineered strains of P. putida. Moreover, the presentation showed the amount of organic material going 
into the catalytic fast pyrolysis waste streams.  

In terms of a thorough TEA and LCA to demonstrate process viability, we have conducted this, as was 
shown on slide 10 of the presentation. The TEA done to date demonstrates that this process concept is 
potentially viable, but certainly more bench-scale research is needed to achieve the metrics set by TEA. 
This is a wholly new process concept, and accordingly, it will be some time before it is ready for 
scalability.  
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In terms of the impacts, the overall purpose of this project is to mitigate or avoid costly wastewater 
treatment processes for the thermochemical biorefinery. Today, pyrolysis and catalytic pyrolysis 
processes generate highly toxic wastewater that is not readily amenable to anaerobic digestion (often 
needing a 1,000-fold dilution), and this waste stream, besides being a cost to the biorefinery, also 
represents a loss of valuable carbon from biomass. We intend to report more thorough TEA and LCA 
cases for this process concept going forward in the peer-reviewed literature, to bolster the scientific and 
engineering advances here in analytical chemistry and metabolic engineering. The comment from the 
reviewer about the accessibility of the analytical chemistry methods is valid—indeed, these are by no 
means trivial measurements to do. This is why we have worked with industrial partners in the past, as 
very briefly mentioned during the presentation, to help them to understand their aqueous waste streams. 
We have published these methodologies in the peer-reviewed literature as well, such that companies and 
organizations with adequate instrumentation can reproduce our results. Certainly the continued transfer 
of these methods to the broader community is a key effort in our upcoming efforts. Accordingly, we 
anticipate that this project can have even broader impacts for the industrial community. 
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LIGNIN UTILIZATION 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
Valorization of lignin has massive potential economic 
and sustainability benefits for the lignocellulosic 
biorefinery. However, challenges remain to realize 
lignin conversion to coproducts, especially related to 
selective, high-yield depolymerization to monomers 
and quantitative analytics on lignin, the latter of 
which is critical for accurate process modeling. 
Towards these goals, the Lignin Utilization project 
focuses on catalytic lignin deconstruction chemistries 
for C-O and C-C bond cleavage, development of analytical chemistry techniques to quantitatively characterize 
lignin, and syntheses of requisite model compounds for understanding lignin transformations. This work is 
done with and supports multiple BETO projects, including the Biological Lignin Valorization project, the 
Separations Consortium, and others. 

Outcomes of Lignin Utilization for analytics and synthesis include (1) development of new mass spectrometry 
(MS) methods to characterize lignin dimers/oligomers in process streams, (2) deployment of a computational-
experimental tool (with Biochemical Process Modeling and Simulation) to identify lignin-derived compounds 
with high fidelity from MS, and (3) delivery of >40 unique compounds. From a catalysis perspective, we have 
developed new oxidative approaches to cleave C-O and C-C bonds and produce >50% bioavailable aromatic 
monomers for biological funneling for the BLV project and have developed recoverable bases for base-
catalyzed deconstruction of lignin. 

 

WBS: 2.3.4.100 

Presenter(s): Adam Bratis; Gregg 
Beckham; Michelle Nolker; 
Zia Abdullah; Courtney 
Payne 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $4,350,000 
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Photo courtesy of NREL 

COMMENTS 
• Management and university partnership provide a balance that is critical to developing lignin biorefinery. 

Tasks and subtasks are provided. Risks and risk mitigation are addressed. The approaches taken are 
novel and provide BETO with a good test model for valorization of lignin. The impact on catalytic 
development requires much needed and timely good analysis, and the establishment of a library of lignin 
compounds and derivatives is critical to success of this approach. This database will also enable other 
lignin valorization projects that aim to derive products from lignin. Progress and outcomes look 
promising as results reported so far, with two oxidative pathways developed, as well as the use of new 
analytical tool and new base with promising recovery identified. The available and cost of Sr(OH)2 may 
be an issue. The researchers do not indicate whether Sr(OH)2 is currently used at any wood pulp plants, 
and if not, why that is not the cases. The project needs more information on material balance and 
conversion yields for a good TEA, as well as more information on TEA and LCA that compares the kraft 
process with the use of Sr(OH)2 side by side. On the overall, this is a good project with proof of concept 
demonstrated. It’s hard to assess commercial viability without material balance. 

• Strengths: The high-level impact of this work is clear. The project provides centralization of several 
efforts addressing the BETO goal of converting lignin to high-value products, and as such, plays an 
important role in BETO’s biorefinery operating scenario. The inclusion of a robust set of analytics is a 
notable strength of this effort. For this project, the analytical work provides background information used 
in developing approaches for the catalytic, oxidative cleavage of recalcitrant C-C bonds in lignin, leading 
to more tractable low-molecular-weight fragments. More broadly, inclusion of this research activity is a 
good complement to reductive lignin deconstruction ongoing in NREL’s Lignin First project, as well as 
other lignin deconstruction projects in the portfolio. The effort in synthesizing model compounds as 
analytical standards and coupling that work with MS highlights the power of MS for rapid lignin 
analysis, as has been demonstrated in the literature (e.g., Kenttamaa, Purdue). Importantly, these 
techniques are also made available to potential industrial stakeholders. The presentation indicates that the 
work is moving beyond the DMR lignin to include kraft lignin as a possible feedstock. This is an 
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improvement over earlier versions of this project, which seemed to be limited to the DMR approach. 
Demonstrating applicability of the lignin conversion technology to a wide range of known sources is an 
important step for increasing the impact of the work. The efforts to develop new lignin oxidation 
processes via polyoxometalate catalysis and autooxidation have shown some success in the ability to 
cleave recalcitrant C-C bonds in lignin. This holds the potential for improving the amount of lignin that 
can be converted into monomeric, low-molecular-weight compounds. Coupling this work with the 
exciting results from the Lignin First project offers the potential of increasing the yield of useful 
materials from the biorefinery’s lignin fraction. The team reports interesting results on base recovery in 
the DMR process, and have found that Sr(OH)2 is a good substitute for NaOH with several operational 
advantages. Significantly, the new approach gives a higher yield of monomers and lower cost because of 
its simplified recovery.  

Areas for improvement: More clarity around the interest in kraft lignin would be helpful, given its 
importance as an energy source for the pulp and paper industry. The PIs indicate that they will take 1%–
2% of the chemical recovery stream from a kraft mill as feedstock, but is not clear whether that is 
isolated kraft lignin or kraft black liquor. If the latter, it will be important to define the amount of black 
liquor being used, as mill operators are unlikely to give up a significant fraction of their black liquor fuel. 
More information on the operating scenario with the paper industry would also be helpful—for example, 
by translating this amount of kraft lignin into potential pounds of a final, single product, the number of 
mills needed to actually make an impact on $/GGE, and the envisioned means for collecting and 
centralizing disperse sources of black liquor/kraft lignin. Evaluating the impact of the project’s new 
developments is more difficult, as the presentation did not include any TEA results, especially in the 
conversion of kraft lignin. This complicates evaluation of the potential impact of the work, and more 
economic modeling will improve the program. Results on polyoxometalate oxidation efforts show, 
consistent with similar literature efforts, that C-C bond cleavage proceeds to give low yields and 
mixtures of products. Use of real kraft lignin reveals molecular weight reduction, but further low yields 
of useful monomers or low-molecular-weight derivatives. Autooxidation gives higher yields with simple 
models, and employing this approach to RCF oil also shows molecular weight reduction, but no 
analytical data as to the composition of the resulting oxidized oil are given. Part of the issue is that both 
polyoxometalate and autooxidation are methods for bleaching/delignifying cellulose pulp, where the 
objective is simply to break lignin into small, easily removed pieces without consideration of the yield or 
further utility. More details on the composition of the oxidized lignin mixtures will be helpful, but the 
literature suggests that complex mixtures of products will result. 

• The goal of this project is to develop processes for deconstructing lignin along with analytics and model 
compounds. In these regards, the project plays a central role in BETO’s lignin valorization portfolio. The 
team is highly capable, understands the challenges, and is making excellent progress. In addition, the 
analytic portion of the project has the potential to greatly impact the field. Overall, this is an outstanding 
and well-managed project. No concerns or issues are raised. 

• The presentation was excellent, and I really liked the thoughtful breakdown of the project, milestones, 
impacts, objectives, responsibilities, risks, and reporting. With all the various entities and activities 
within projects, the presentations can be disheveled. This project is well managed and clearly 
communicated, which to me carries a great deal of value. The project is well integrated and the industrial 
segment collaborations and partnerships speak volumes to this project’s competence. The analytical 
developments have been substantial. Laboratory analytical procedure dissemination for analytics and 
synthesis methods will be a great offering for the global community. Internal development of the beam-
MS and MS lignin library with experimentally generated fragmentation data are great achievements. The 
Lignin Wrangler not only possesses a great name but provides much needed functionality for lignin 
analytics. This team is filling the lignin analytical toolbox for the entire industry’s usage. Having only 
one analytic chemist when it is so critical to development rate seems to be a bit of a bottleneck. Of 
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course, staff of that caliber can be tough to find, and I'm confident that resourcing allocation has been 
contemplative. Great project, well done!  

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the Review Panel for their constructive feedback and positive comments on the Lignin 

Utilization project. We are very excited about the potential for this project to contribute in multiple ways 
to the ultimate valorization of this important biopolymer. We apologize that this was not clearer in the 
presentation, but we note that the Lignin Utilization project has always intended to provide catalytic 
deconstruction approaches that could be broadly applicable to technical lignins as well as biorefinery 
lignins. The DMR process, as the reviewers noted, is an important component of the BETO biochemical 
conversion process development, but the Lignin Utilization project certainly aims to be much more 
holistic in its impact and application. Our efforts on kraft lignin with polyoxometalate-mediated catalysis 
are fairly nascent at present. That said, we fully agree and recognize that kraft lignin is an important 
substrate, and after we are able to close mass balances on kraft lignin depolymerization processes (from 
isolated kraft lignin, to clarify), we will conduct TEA and LCA on this approach to understand if this is a 
potentially viable route. The reviewer’s suggestion in terms of how to approach the TEA is very much 
aligned with our standard analysis approach. As noted above, we intend to provide deconstruction 
approaches that can be applied broadly, not just to kraft lignin, though kraft lignin is a useful substrate in 
terms of its availability for research and as a condensed lignin structure to study cleavage of recalcitrant 
C-C bonds. The autoxidation efforts are underway as a major component of the Lignin Utilization efforts 
(and polyoxometalate oxidation as a parallel effort), and detailed mass balances will be soon reported in 
forthcoming publications. We agree that yield measurements and mass balances are critical. However, as 
the reviewers know, these measurements take a substantial amount of time to do rigorously for lignin. In 
terms of products, we fully agree that lignin oxidation products will be heterogeneous—this is why the 
Lignin Utilization project is working very closely with the Biological Lignin Valorization project to use 
microbes downstream of oxidative depolymerization to be able to produce high yield of single lignin-
derived products. Regarding the use of reversible bases, we are conducting interviews with industrial 
representatives to understand the potential viability and potential pitfalls for the reversible base concept 
in the biorefinery context. As described during the presentation on slide 18, the reversible base concept 
appears from a TEA and LCA perspective to be viable, at least for use in a DMR-type process. In terms 
of assessing the commercial viability of the project, we note that we have conducted rigorous TEA and 
LCA already, as shown on slide 2 of the presentation, which indicate substantial potential in lignin 
valorization for biochemical conversion processes with lignin utilization. 
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BENCH-SCALE INTEGRATION 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
Bench-Scale Integration develops and optimizes 
fermentation processes to produce bio-based fuels 
and chemicals from biomass sugars. The project uses 
fermentation science to achieve high titers and 
production rates—for example, by manipulating how 
the microorganisms are fed biomass sugars and 
nutrients, modifying fermentation conditions (pH, 
temperature, aeration) or developing online control 
strategies that increase production rates. For this 
period of performance, we conducted small-scale fermentation research using strategies mentioned to produce 
2,3-butanediol from biomass utilizing NREL’s proprietary Zymomonas mobilis microorganism. BDO is a 
versatile chemical that can be catalytically upgraded to a variety of hydrocarbon fuels and chemicals. The 3-
year project goal was to increase BDO titers from 50 g/L (2017 level) to 125 g/L on biomass sugars by 2020. 
We successfully achieved this target, which is a 150% increase in titer, thus showing the commercial potential 
of Z. mobilis while reducing the cost to downstream processing. The project also showed yearly progress 
improvements to the process design case using a whole biomass slurry. Future work will focus on scaling to 
produce large quantities of BDO broth for separations and upgrading R&D and improve the titer and rates 
from biomass whole slurry. Our goal is to produce 100-g/L BDO titer from whole slurry at >1,000 L by 2023, 
which will meet the technical targets set by our techno-economic analysis. 

 

WBS: 2.4.1.100 

Presenter(s): Adam Bratis; Nancy Dowe; 
Zia Abdullah; Courtney 
Payne; Jessica Krupa 

Project Start Date: 10/01/2020 

Planned Project End Date: 09/30/2023 

Total DOE Funding: $750,000 
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Photo courtesy of NREL 

COMMENTS 
• This is a balanced team approach with good coordination and leveraging with other groups (e.g., strain 

development, engineering, process development, end-product uses, pretreatment). Risks and risk 
mitigation is addressed in great detail. The approaches used in fermentation development and rapid 
analysis to meet targets looks very good. The project is within the scope of BETO's goal of enabling 
cost-effective production of biofuels and chemicals. Using near-infrared (NIR) to monitor fermentation 
is useful, timely, and innovative. Project impact to BETO is relevant to its stated mission. Industry 
interest with ExxonMobil is worth pursuing, as production scale-up plans to larger scale will require the 
involvement of an end user to optimize catalytic upgrading for that scale. Bio BDO from biomass will 
still be economically challenging as compared with petroleum and sugar/starch fermentation. A side-by-
side comparison of these would be helpful in providing technological and economical barriers that need 
to be overcome. Progress and outcomes are promising. The reviewer is puzzled by the statement that the 
whole-slurry fermentation has poor reproducibility. Is this due to variability in DMR provided or 
instability of the strain used? It would be helpful to provide a good explanation, as it has implications to 
strain development and/or pretreatment process. The overall impression is that the team has had a good 
success record in achieving high titers of 2,3-BDO and yield that approaches targets and TRY to meet 
TEA/LCA. The incomplete use of pentoses reflect that the strains need further engineering. The efforts 
to address redox imbalance has been abandoned, so the fermentation process has to be microaerophilic 
with air blanket and/or by increased back pressure to ensure oxygen is available to cells. The ability to 
use whole broth in catalytic upgrading is promising. It suggests that targeting the reduction or 
eliminating glycerol production by the strain for improved yield and conversion of 2,3-BDO are things 
that need to be accomplished to ensure optimal catalytic upgrading. 

• Strengths: This project is an important contribution to the program’s carbohydrate conversion effort in 
that it is examining engineering solutions to improve the production of chemical intermediates. This 
project area has played a central role in the BETO program for several years, and is now closely linked 
to Zhang’s work with engineered Zymomonas. The project’s inclusion of a risk register is a strength and 
a more detailed evaluation of potential barriers than seen for other projects. Process engineering offers an 
important complement to the program’s microbiological work in that it investigates methodology and 
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infrastructure necessary to transition a biological conversion to pilot and eventual commercial 
application. As such, it occupies a crucial position between the lab and industrial stakeholder, showing 
stakeholders that laboratory results can also have industrial application. It also demonstrates that 
engineering solutions can have a significant impact on bioprocess productivity and TRY. Finally, the 
incorporation of rapid NIR analysis is a strength of the program in that it provides real-time monitoring 
of process modifications. The project has made good progress in the production of BDO. The scale-up of 
the process to 100 L is notable, and has afforded the production of kilogram amounts of isolated product 
at 87 g/L. The project has met the 125-g/L target from the DMR corn stover feedstock under optimal 
conditions, and can get reasonable yields even using whole DMR slurry.  

Areas for improvement: It would strengthen the presentation if there was more discussion about the 
dependence of BETO’s fuel production scenario on the success or failure of this effort. Zhang’s 
presentation indicated that several of the approaches tried for improvement at the lab scale were not 
successful. If the engineering solutions don’t meet goals, is the program’s high-level scenario in trouble? 
More information on the impact of these lower titers on the potential for success would be helpful—i.e., 
is 87 or 92 g/L viable? Despite the target, is there a value that is close enough? What is the effect of the 
mitigation plans on the ultimate cost of fuel? How dependent is the program on making BDO work—i.e., 
is there a plan B? The presentation would be improved with more economic information about the 
production cost of BDO in comparison to conventional BDO production from 2-butene via epoxidation. 
Slide 12 indicates the potential of BDO as a chemical coproduct. Thus, the same general questions 
regarding conversion of a known marketplace product to a fuel are pertinent. The rationale behind 
making cheap BDO as a single product and then turning it into a lower-value fuel could be explained 
more clearly. 

• The goal of this project is to develop and optimize fermentation processes for different bioconversion 
processes with a focus on scale-up and de-risking technologies. Overall, this is a valuable service and 
integrates well with the other activities within the BETO/NREL portfolio. Current activities are focused 
on developing microaerobic fermentation processes for 2,3-butanediol production from lignocellulosic 
hydrolysate at 100-L scale. Overall, the team is making good progress and meeting their milestones. In 
addition to these pilot-scale studies, the team is also developing NIR and Raman spectroscopy for real-
time process monitoring and control. This is viewed as a positive. While no major concerns are raised, 
the project would be strengthened by developing more technologies. The work with NIR and Raman is 
clearly a step in this direction. It would be great to see more activities along these lines, such as off-gas 
analysis and, assuming it is feasible, computational modeling. 

• This project has the important role in de-risking the scale-up of bioreactors for biofuel production. The 
current focus on 2,3-BDO production with Zymomonas mobilis creates a nice integration with other 
projects in NREL and in the BETO portfolio. In particular, finding strategies to optimize how aeration is 
used to maximize 2,3-DBO titers and production rates seems to be essential for achieving the overall 
2030 goals for the MFSP. The reported progress is impressive. Reaching titers of 125 g BDO/L in fed-
batch reactors fed DMR-processed liquor (without solids) and 92 g BDO/L using DMR-processed whole 
slurry, both at a 100-L scale, shows that the optimization approach is working. The comparison of 
feeding the bioreactor with whole slurry after enzymatic hydrolysis or whole slurry before enzymatic 
hydrolysis (with enzymes added) is interesting but may require different optimization strategies, 
specifically in relation to enzyme loading and pH that were not reported. The work with near-infrared 
sensors for rapid monitoring of the fermentation process is promising. 

• This project is loaded with relevance aimed at the end game; the industrial perspective is spot on. There 
is holistic research front to back, bench to industry, in order to de-risk technology. The goals are lofty—
$2.47 MFSP design target case—but the progress and outcome’s advancements enhance reviewer 
confidence. The achievements of 125-g/L titers in fed-batch mode, nearing design case technical targets, 
NIR development, and kilogram-quantity production of BDO are very good indeed. Those achievements, 
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combined with knowledge being gained on scaling aeration, vessel sizing/geometry, agitation setup, and 
the feedback from the separations team, has the project in good stride and poised for additional success. 
Even the project’s mission statement "We want robust and industrially relevant fermentations for bio-
derived products with reduced carbon intensity to lower greenhouse gas emissions and improve 
sustainability" is really great and well received. The analytical development related to NIR is great and 
could eventually be applied broadly. NIR is a very useful tool, and even though it is not inexpensive for 
an online system, it is still cheaper than off-gas MS. I am curious, though, why dissolved oxygen is not 
enough for process control. Also, does the NIR have the utility of off-gas MS? I am excited at the 
prospect of drop-in conversion processes at corn ethanol plants and the evaluation of solid-state 
fermentation (multiple fermentation modes) on multiple substrates. It is clear that advanced control over 
sugar feed rates and aeration levels to balance redox are needed, although Gen1 doesn't currently have 
this level of intricacy. Please continue to push strain robustness in all aspects, especially kinetics. It is 
true that tank space is relatively cheap; however, 120–165-hour fermentations present challenges. It is 
useful that BDO is less toxic, although ethanol's toxicity and rapid kinetics provide value than shouldn't 
be overlooked. It is my opinion that the fermentation is scalable, and so are sterilizing media and precise 
oxygen control, those features can be done, sure, but they are not currently being done cheaply at scale. 
The microaerophilic process scaling mitigation plan is inadequate. Just because Genomatica was able to 
scale their fermentation to a pharmaceutical-grade, industrial-scale aerobic fermentor on dextrose, that is 
way different than whole-slurry biomass processed in a $2/gal installed CapEx Gen1 fermentor. All I am 
saying is that—and you are likely aware—it is significantly different, and to say it can be done here 
because of Genomatica isn’t enough. If the BDO TEA is using a pharma-grade fermentor and dextrose 
then so be it, but I don't think that it is. Overall this is a great project, well done! 

PI RESPONSE TO REVIEWER COMMENTS 
• We would like to thank the Peer Reviewers for their time and thoughtful reviews. We appreciate the 

constructive feedback on the project’s vision, mission, and objectives: to develop industrially relevant 
fermentation processes for bio-derived products that de-risk scaling, lower carbon intensity, and improve 
sustainability. We also appreciate the reviewer’s acknowledgment of the 100-L scale-up that produced 
kilogram amounts of product and meeting the 125-g/L titer target. Our results show that our optimization 
efforts are working and that fermentation engineering solutions can positively affect titer, rate, and yield.  

The project will continue to use a risk register to address technology development barriers and continue 
developing analytical methods like NIR and Raman spectroscopy to aid in fermentation control and 
enable scaling. Both the risk register and the NIR work were positively received by the reviewers. The 
reviewers provided excellent feedback for the project’s future work and ways to improve future project 
presentations. As the reviewers pointed out, a deeper dive into the economics to present a comparison 
between starch-based fermentation, biomass-derived fuels and coproducts from BDO, and the equivalent 
fossil-derived fuels and coproducts is warranted. We plan to use NREL’s pilot-scale bioreactors to 
address scaling microaerophilic slurry fermentations to aid in scaling beyond 9,000 L; developing online 
and rapid at-line analyses will be important to this effort. Our early work to feed and mix biomass 
slurries to reach higher solids concentrations for higher BDO titers has been a challenge to produce 
consistent results at 0.5-L scale, and we will continue to address this issue. Much like wind and solar 
have benefited from value engineering over the past 20 years and are now producing some of the 
cheapest electricity, lower BDO production costs and improved titers, rates, and yields can still be 
achieved through fermentation engineering in the absence of strain development. Thus, this project can 
still provide a viable pathway for BETO to achieve their fuel production goals. 
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CONTINUOUS ENZYMATIC HYDROLYSIS DEVELOPMENT 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
The Continuous Enzymatic Hydrolysis Development 
project aims to reduce the cost and commercialization 
scale-up risks of biorefinery sugar-lignin production 
through development of a deployable continuous 
enzymatic hydrolysis (CEH) process. Through the 
use of external cross-flow membrane filtration loops 
coupled to enzymatic hydrolysis reactors, pretreated 
biomass solids and enzymes are retained for reaction 
while solubilized product sugars are removed in situ, 
with high extents of conversion achieved through a series of reactor-membrane unit stages. 

This project is focused on advancing CEH as a transformational, process-intensified, lower-cost method for 
producing soluble clarified biomass sugars and insoluble lignin-rich streams than traditional batch enzymatic 
hydrolysis (BEH). The project’s primary objective is to reduce the cost of CEH to be compellingly lower than 
conventional BEH—10% lower in year 1 and 20% lower in year 3 (end of project). A related objective is to 
expand CEH’s operating envelope to increase process efficiency. Through more thorough de-risking and 
demonstration of CEH, in conjunction with building a suite of modeling and optimization tools that allow for 
more facile rigorous in silico evaluation of novel CEH designs and modalities, this project intends to elevate 
industry interest in adopting CEH as an improvement over conventional batch processing. 

This project was merit-reviewed in FY 2020. It’s now in its first year of a new 3-year plan spanning FY 2021–
2023. 

 

WBS: 2.4.1.101 

Presenter(s): Adam Bratis; Jim McMillan; 
Zia Abdullah; Courtney 
Payne; Jessica Krupa 

Project Start Date: 10/01/2020 

Planned Project End Date: 09/30/2023 

Total DOE Funding: $1,650,000 
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Photo courtesy of NREL 

COMMENTS 
• Management team is well leveraged with other working groups. Risk mitigation strategy is in place. This 

project provides a good approach to validate the use of continuous enzyme hydrolysis. If successful, this 
approach can offer advantages over batch hydrolysis in reducing operating expenses/CapEx from 
reduced enzyme dosing. CEH, if sustainable over many cycles, is a better fit for large-scale deployment 
as compared with batch reactor operation. Enzyme supplier costs continue to be significantly high even 
in the best-case scenario. Enzyme loading and turnover is not discussed, so this needs to be considered 
and addressed. Solids loading is still lower than desirable, as higher solids have been demonstrated at 
pilot scale with acid- and organosolv-treated corn stover. Feedstock handling and limitation to pumping 
is an issue with DMR. Can the paddle reactor operation be validated with carboxymethyl 
cellulose/cellulose gum, which is inexpensive and readily available for a proof of concept? This can 
allow for demonstration enzyme stability over many cycles and enable measurement of loss of activity of 
some of the components in the commercial blend being tested. Better economics will require high solids 
loading, improved enzyme performance, staged enzyme loading, reduced energy use, and improved 
membrane and pump operation. It will also provide a baseline assessment that can compare NaOH DMR 
and DMR produced by two-stage chemical treatments. This can help improve impact and industrial 
relevance. Progress seems reasonable. PI should consider use of ceramic membranes that can be cleaned 
and reused, as cost of membranes (fouling, longevity) is an issue. Increasing solids loading should help 
reduce evaporation costs for the enzymatic hydrolysis slurry. On the overall, this project is worthwhile 
and done at a reasonable scale to validate the concept. 

• Overall, this project received a lower score due to perceived pragmatic issues; however, this work is vital 
and I absolutely recommend continued development. The presentation data suggesting 80%–85% 
conversion yields in 24 hours is a remarkable feat. The valuation shift to MSSP from MFSP is valid; 
creation of clean, cheap sugars will open many doors. Considering the process is continuous, 
contamination or sterility enhancements could be an item of contention regarding risk identification and 
mitigation strategies. At relatively low percent total solids loadings, dilute sugar levels, limited 
concentration pressures, and contamination control would seem to be essential in this fertile 
environment. Collaboration with Mike Himmel for high-temperature, alkaline, acidic enzyme systems 
and the lignin group with respect to solids utilization post-hydrolysis might add value here or be 
currently underway. Similarly, cycling up of unwanted large (>50-kDa) soluble and insoluble 
compounds could occur with microfiltration retentate recycling, or smaller unwanted soluble compounds 
if ultrafiltration recycling is employed. Longer run campaigns might elucidate this phenomenon. It 
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appears that the CEH process will still require solid/liquid separation post-hydrolysis, albeit smaller, but 
still necessary for residual lignin recovery. Perhaps the lignin is recovered from the microfiltration 
retentate, but the process flow diagram does not indicate this. The PDF shows unconverted solids 
removal from the hydrolysis tank somehow. A better illustration of the lignin retentate stream (washed or 
concentrated) and solids purge in the process could be helpful; it is not clear how residual lignin solids 
will be selectively separated from fresh corn stover. This leads to the crux of my concern regarding 
enzyme recycle strategy. The issue mentioned briefly in the quad chart, selective separations, is not 
clearly communicated. If the ultrafiltration system is not required for recycling because the enzymes are 
bound to the solids, as suggested in the presentation, the solids have to leave the system eventually. If 
compositional analysis suggests there to be no unconverted glucan/xylan in the residual substrate, then 
perhaps enzyme recycle is possible with this demonstrated configuration. Finally, with regards to impact 
and comparative economics, it would be helpful to know if the higher enzymatic hydrolysis yields shown 
are due to benefits from CEH or from lower solids loadings compared to the BEH results. 

• Strengths: This is a straightforward project that has good potential to streamline the production of 
fermentable sugars and reduce their cost through transition from fed-batch to continuous operation. This 
translates into a potentially significant reduction in the $/GGE. This project is also a logical next step to 
investigate in parallel with ongoing organism engineering and process improvements for sugar 
production. Preliminary economics support this contention, with higher sugar yield offsetting the initial 
higher cost of installation. A single-stage reactor has been assembled, based on in silico virtual 
engineering and TEA to help guide construction, and is in operation, having been tested on dilute acid 
feedstock at >8.5% solids. Initial tests with DMR feedstock reveal that current solids level is limited to 
<10%. As a result of this observation, the PIs plan to carry out more simulation experiments to optimize 
the process. This is a strength and another illustration of the strong integration of computation and 
experiment within the program.  

Areas for improvement: The PIs are targeting slurries with 10% solids. To provide a benchmark, it 
would be useful if the PIs could present industrial analogies that carry out selective, continuous 
transformations at high solids levels to get a sense of the challenge. The PIs indicated cement pumping 
as a possible analogy, while also acknowledging that there will need to be trade-offs (in future 
evaluations) between equipment costs and sugar yields. Information on whether the restrictions of DMR 
material negatively influence the potential for success of the overall biomass-to-biofuel process would be 
helpful. This is important, given the emphasis that NREL has put on the DMR process. A couple of 
minor items: on slide 5, project partners are listed as informal. In addition, on supplemental slide 22, the 
team implies that they are having ongoing problems actually getting an industrial partner on board. What 
does this say about the industrial response to this effort, if anything? 

• The goal of this project is to develop a continuous process for the enzymatic hydrolysis of pretreated 
(dilute acid and DMR) lignocellulose. Overall, the project has a strong management plan, has clear 
goals, and is making good progress towards meeting their objectives. The project is still relatively new, 
so it currently difficult to evaluate whether the team will ultimately achieve their objectives. With 
regards to the execution of the project, no concerns are raised. The approach also seems reasonable. 
However, the impact is somewhat unclear. The project would greatly benefit from additional justification 
for a continuous process. Such processes introduce additional operational complexities (e.g., startup, 
stability, and process interruptions), especially when considering the challenges associated with material 
transport. In addition, unlike a traditional petrochemical process, the feedstocks are heterogeneous. The 
justification was unclear during the review process beyond providing TEA numbers without discussing 
the underlying assumptions and limitations. 

• This is a challenging project that seeks to develop CEH technology using reactors in series and 
membrane filtration in each reactor to separate the free sugars from the slurry containing the biomass and 
the enzymes. Great progress has been made with the single-unit experimental setup, which has allowed 
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identification of where to focus to overcome the challenges of working with the DMR slurries and 
operating filtration units at higher solids content in the slurry. The virtual engineering part of the project, 
which uses the output from the single-stage reactor-filtration unit to simulate flow-through operation in a 
multistage system, is more of a black box. From first principles of reactor engineering, the benefits of a 
multistage system are due to higher reaction rates that can be achieved in the initial stages of the system 
(because of higher substrate concentrations), which in turn could result in a smaller overall reactor 
volume to achieve the same conversion efficiency compared to a continuous single-stage system. Virtual 
engineering would allow simulations to be performed assuming different numbers of stages in series, 
which could result in different outcomes in terms of total volume needed to achieve the same conversion 
efficiency. Do the investigators see a benefit of such analysis, or has the project been preset to simulating 
three units in series? It is also not clear how reactor volumes compare between batch hydrolysis and the 
simulated CEH system, and what the impact of tankage size is on the predicted installed costs. Other 
projects in the BETO portfolio are aiming at using enzyme loadings of less than 10 mg protein per gram 
of cellulose. Is this project maintaining that same target for enzyme loading? Would success in 
demonstrating CEH feasibility contribute to the goal of reducing the enzyme loading, or would the 
process require higher enzyme loadings? Finally, integration with the Biochemical Platform Analysis 
project could be improved to facilitate how projects describe the results of TEA. This project uses a 
normalized metric of the MSSP instead of the MFSP that is used in several other projects within the 
BETO portfolio. The change in metrics makes it difficult to compare with other projects; the use of a 
normalized metric may be useful within the project itself, but again, makes it difficult to compare to 
other projects. If the MSSP is the preferred metric, reporting could benefit from information about the 
2030 goal for MSSP that the Biochemical Platform Analysis project uses, and how far from that goal this 
project currently is. Likewise, the Biochemical Platform Analysis project could better highlight the 2030 
goals for MSSP that this and other projects in the portfolio may be using.  

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their insights and helpful, constructive comments and feedback. We 

recognize that the ability to efficiently pump slurries at high insoluble solids levels is required to realize 
significant economic benefits of using CEH versus traditional BEH. We remain focused on real-world 
pretreated lignocellulosic feedstocks rather than model delignified feedstocks like carboxymethyl 
cellulose, as these materials have quantitatively different rheological and enzyme binding characteristics 
(e.g., different upper limits at which slurries can be pumped, as well as different enzyme-substrate 
adsorption/desorption behavior). Nonetheless, the use of model feedstocks will be pursued for longer-
term enzyme stability tests during CEH operation if supply of DMR pretreated feedstock becomes 
problematic. We also agree that further proof-of-concept CEH operation over longer times and at higher 
insoluble solids levels is necessary, and we have planned and are already performing experiments on this 
using the existing industrially relevant (mini-pilot) unit-stage CEH equipment setup.  

Membrane selection remains another key area of focus. We plan to further explore the effects and 
sensitivities of CEH performance to different membrane chemistries and nominal pore sizes, and this 
work will also consider ceramic membranes if they are available in suitable form factors and sizes. Our 
strategy has been informed by examining existing industrial slurry handling processes, particularly 
membrane-based wastewater treatment processing, and we used prior wastewater treatment knowledge 
and experience to guide our research and system design. Evaluation of trade-offs involved in CEH 
processing will extend beyond CEH operation to also examine how differently pretreated feedstocks 
(dilute acid vs. DMR pretreatment) perform.  

As far as formal partnering goes, ongoing relatively low petroleum and transport fuel prices are 
contributing to industry being slow to adopt biomass-to-sugars technology. However, we do have 
industry-associated partners facilitating the project—i.e., both Porex, Inc. (current membrane 
manufacturer) and an independent membrane separations consultant from industry.  
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This project absolutely sees value in analysis and accordingly is proceeding on an “analysis first” basis. 
We have been using a variety of different analysis and modeling techniques, including complex and 
integrated mass and energy balances and TEA, to analyze a multitude of factors impacting the economics 
of CEH: reactor volumes, number of unit stages, enzyme and solids loadings, membrane permeation 
rates and lifetimes, etc. Prior process simulations and associated TEA have guided CEH development 
and identified areas of cost sensitivity or knowledge uncertainty for R&D focus (e.g., membrane 
performance). With the help of a more detailed virtual-engineering-based representation of each 
component of the CEH process, we will be able to simulate all aspects of the process with a greater 
degree of accuracy and confidence in results that meaningfully translate to larger scales. Initial and 
ongoing TEAs are being done in the context of/to be consistent with BETO’s biomass program; for 
example, using the program’s nominal baseline enzyme loading target. This said, we believe there is 
potential to ultimately reduce enzyme loadings in CEH compared to what is required for BEH. Most 
significantly, at similar enzyme dosages, through reducing sugar product feedback inhibition on the 
enzyme system, CEH has the ability to achieve faster conversion and higher sugar yields than BEH, and 
this may prove the more powerful economic lever than reduced enzyme loading. It is also to be noted 
that the Biochemical Platform Analysis project also maintains the so-called sugar model (that estimates 
MSSP rather than MFSP), and that the sugar and integrated biorefinery models are consistent up through 
sugar production. To date, TEA has indicated CEH is economically favorable to BEH assuming it can be 
reliably operated at specified performance levels. With the help of more detailed virtual engineering, we 
hope to further elucidate the effects and sensitivity of the CEH process to additional factors such as 
contamination and other scale-up issues.  

A strength of the approach with respect to contamination is that sugars do not accumulate to high levels 
in CEH, and like BEH it is operated at temperatures of 50°C or higher, which is also beneficial to 
keeping down potential contaminants. To clarify, the presentation data labeling were misleading in 
implying 80%–85% conversion yields were obtained in 24 hours. Rather, this was reporting monomeric 
sugar yields (rather than total solubilized sugar yields) obtained in BEH over 7 days after removing 
sugars that had been produced after 24 hours. We recognize that there are many trade-offs involved in 
CEH, and our approach is leveraging the strength of innovative process design combined with the power 
of virtual-engineering-based TEA to analyze and select the overall best process configurations for further 
testing and development. Major trade-offs such as recycling enzymes with separate membrane systems 
(e.g., using multiple membrane types) or optimizing a single membrane slurry filtration-based design are 
being evaluated and will be used as necessary to enable the best overall process design to be realized. 
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TARGETED MICROBIAL DEVELOPMENT 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
The goal of the Targeted Microbial Development 
project is to develop microbial pathways capable of 
producing high-carbon-efficiency intermediates 
amenable to economic separation and catalytic 
upgrading to hydrocarbon fuels and chemicals. 
Zymomonas mobilis is known for its high specific 
glucose uptake rate, rapid catabolism, and high 
ethanol yield. It has been engineered to efficiently 
convert the second and third most abundant plant-
derived sugars, xylose and arabinose, to ethanol at high yield. With its ability to utilize most biomass sugars, 
even in hydrolysate environments, it is now important to enable this microorganism one of the leading 
platforms for biomass conversion. By applying metabolic engineering and synthetic biology tools, we 
engineered Z. mobilis to produce 2,3-BDO together with ethanol. 2,3-BDO can be chemically upgraded to 
fuels and other chemicals as coproducts. We further demonstrated success in redirecting carbon flow by 
deleting the ethanol synthesis pathway, which enabled the organism to produce 2,3-BDO exclusively. We are 
working to further improve pentose utilization, as it is critical in achieving high yield and high rate for a cost-
competitive biomass sugar conversion process. 

 

COMMENTS 
• This is a good, balanced management team with expertise in metabolic engineering, fermentation 

process development, microbial genetics, and biochemistry. Strategy with tasks and subtasks is provided. 
Challenges and risks are highlighted. Approaches to engineer a 2,3-BDO strains that grows anaerobically 
with improved pentose utilization are sound. Addressing redox imbalance is critical for a successful 
project. The impact of engineering a 2,3-BDO-producing strain is limited, as currently there are no 
commercial entities that can produce and utilize biomass hydrolysates. It is also not clear that the 

WBS: 2.4.3.102 

Presenter(s): Adam Bratis; Min Zhang; 
Zia Abdullah; Courtney 
Payne; Jessica Krupa 

Project Start Date: 10/01/2018 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $2,900,000 
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production of 2,3-BDO from hydrolysate by fermentation is cost-competitive with 
sucrose/glucose/starch. A TEA can provide this information for a side-by-side comparison for batch and 
fed-batch best scenarios for corn stover hydrolysate vs. sucrose/glucose/starch derived with Zymomonas. 
Progress and outcomes are reasonable; however, there are still some remaining challenges to engineering 
a robust anaerobic strain that can utilize pentoses efficiently as arabinose and xylose are partially used. 
In 2018, an NREL study (https://www.nrel.gov/docs/fy19osti/71949.pdf) did provide a side-by-side 
comparison for the cost of both 2,3-BDO and butyric. It would be useful to update this report with latest 
findings based on strain engineering and current TRY for both processes. 

• Strengths: The program is complementary to other organism development activities in the BETO 
portfolio and is examining alternate biochemical approaches to BDO as a fuel intermediate. Focusing on 
Zymomonas as the key organism is a strength, as the team draws on extensive NREL experience in its 
modification for EtOH production. Additionally, the focus on Zymomonas offers good opportunity for 
stakeholder discussions, as it is well recognized for industrial applications. The PIs have been successful 
in modifying Zymomonas to eliminate the normal EtOH production from C6 sugars and turn it toward 
BDO production. At the same time, work has continued to improve utilization of C5 sugars in the same 
process. The team identified key issues in redox balance as barriers to optimal sugar consumption and 
developed reasonable approaches to overcome these barriers. The team has met its goal for arabinose 
consumption, albeit at low rates. Overall, this work demonstrates NREL’s strengths in strain 
development and optimization to include the incorporation of CRISPR (clustered regularly interspaced 
short palindromic repeats) and mechanistic investigation via cell-free systems as experimental tools.  

Areas for improvement: The project faced setbacks in redox balance and arabinose use, as the planned 
approaches did not pan out. This project faces similar questions to others making chemicals from 
carbohydrates and then converting them to fuels. The rationale behind making BDO as a single product 
and then turning it into a fuel that will be of lower value than the BDO itself is not clear. Further, the 
project would be strengthened if the TEA could provide a simple comparison of the projected production 
cost of BDO from biological routes vs. from petrochemicals (e.g., from epoxidation of 2-butene). 
Identifying a reasonable split between chemicals and fuels for optimal economic performance of the 
biorefinery would strengthen the presentation—for example, modeling a biorefinery making fuel, BDO, 
and butyric acid in appropriate ratios to assure profitability. The amount of progress on this project was 
less than expected. The PIs identified challenges and experimental approaches to overcome them, but the 
reported results generally were not successful. Current work is still running into problems with xylose 
and arabinose metabolism. Accordingly, it is important to understand the overall dependence of the 
larger program to this work—i.e., whether these setbacks are major hindrances to the fuel effort. 

• The goal of this project is to produce the platform chemical 2,3-butanediol using Zymomonas mobilis. Z. 
mobilis is an attractive microorganism for producing chemicals given its high sugar uptake rate and low 
biomass yield. However, it is native producer of ethanol. The NREL team was able to eliminate ethanol 
production in Z. mobilis and redirect carbon towards 2,3-butanediol. They were also able to generate 
impressive titers and yields. This is a major technical achievement because Z. mobilis was only 
considered for ethanol production prior to their work. It can now be engineered to produce other, more 
valuable chemicals such as 2,3-butandiol. The project is being managed well. The tasks are appropriate 
and the team is making good progress. The work is also well integrated with other NREL projects. 
Overall, no major concerns were raised. The impact score was somewhat reduced because 2,3-butanediol 
is a relatively easy molecule to produce in many microorganism. That said, producing this compound in 
Z. mobilis is a major accomplishment. Current progress is focused on the coproduction of H2 and 
succinate and co-utilization of pentose sugars. The impact of the former is still unclear. The latter is a 
common problem when dealing with plant-based sugars. The NREL teams has worked on similar 
problems in the past, so they are ideal to tackle this problem. Lastly, the efforts to develop CRISPR-Cas9 
for Z. mobilis are promising and would great improve the utility of this microorganism. 

https://www.nrel.gov/docs/fy19osti/71949.pdf
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• The project focuses on enhancing 2,3-BDO production with Zymomonas mobilis by engineering strains 
for better redox balance and better utilization of xylose and arabinose. The team developed elegant 
approaches to engineer Z. mobilis for production of H2 or production of succinate as strategies to gain 
redox balance without the need to add oxygen to the culture. In parallel, a separate project was aiming at 
developing process optimization solutions by finding operational conditions that minimized the concerns 
with oxygen addition. The genetically engineered approaches were not sufficient to improve growth of 
Zymomonas in the absence of oxygen, and as a result, a no-go decision was made to stop further attempts 
to genetically engineered redox balance into Z. mobilis. This is a good use of the go/no-go decision 
point. Progress is being made on investigating arabinose and xylose utilization by Z. mobilis and on 
enabling a CRISPR system for pathway engineering in Z. mobilis, which will be used to test hypothesis 
related to arabinose and xylose utilization. Looking forward to seeing whether those strategies work. 

• The project seems well managed and on the right track, but still a substantial way from reaching the end-
of-milestone targets. It is great to see the in vitro cell-free extract assay utilization in an effort to 
understand sugar transport and metabolism limitations—similarly, CRISPR for enhanced pathway 
engineering. I am hopeful these employed systems will lead to significant developments. Great results 
for glucose and xylose utilization were presented, which make near-term impacts tangible. I am very 
happy to see Gen1 corn ethanol diversification as a mentioned near-term opportunity. The shortcomings 
with arabinose and fermentation times (150 hours) are significant. Arabinose conversion prioritization is 
paramount not only with respect to the challenges the sugar presents to downstream catalytic upgrading, 
but also to contamination pressure. Wild-type Lactobacillus love arabinose and can quickly ruin a good 
day if arabinose is not utilized. More clarification on why the succinate pathway work was stopped 
would be helpful, as the pathway appeared successful. State of the art describing cell mass diversion to 
improved yields and strain engineering to anaerobic functionality were not clearly defined. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for the overall positive feedback, encouragement, and insightful comments. We 

appreciate their acknowledgment of the importance and technical challenges for engineering a robust 
anaerobic strain that can utilize xylose and arabinose efficiently. Although the two approaches we 
explored to balance the redox did not meet our final objective of anaerobic fermentation, we acquired 
considerable understanding to help us design alternative strategies. We stopped the succinate pathway 
work because we could not overcome the technical limitations of expressing active fumarate reductase, 
which is the last step of the pathway.  

With enabling a CRISPR system for pathway engineering in Z. mobilis, as well as the cell-free system to 
identify the target limiting steps, we are encouraged to speed up our pathway engineering efforts. As 
related to TEA, we (the Platform Analysis team) have focused to date on our base case approach for the 
integrated stover-to-fuel pathways in support of program SOT development. Moving forward, we will 
plan to evaluate alternative sugar sources to highlight opportunities to integrate with existing industrial 
technologies, specifically optimization/trade-offs for batch versus fed-batch processing. We agree that 
identifying a reasonable split between chemicals and fuels for optimal economic performance of the 
biorefinery would strengthen the presentation. We presented summarized analysis results earlier in the 
FY 2019 review that show significant savings when methyl ethyl ketone is produced as coproduct. 
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PROCESS INTENSIFICATION FOR THE REDUCED COMMERCIAL 
CAPEX OF BIOFUELS PRODUCTION (PRICE CAP) USING DYNAMIC 
METABOLIC CONTROL 
Duke University 

PROJECT DESCRIPTION 
Major barriers currently impede the successful 
commercialization of integrated biorefineries and 
large-scale industrial bioprocesses for the production 
of biofuels and value-added chemicals. One of the 
most challenging barriers is the large capital 
requirement needed to scale these technologies 
(CapEx per plant capacity). These challenges persist 
despite the numerous advances in strain and pathway engineering that have resulted in attractive product yields 
using fermentation-based approaches. Large capital costs are a major challenge to the realization of the 
potential of numerous sustainable bioconversion technologies. The focus of the proposed program will be to 
develop a first-ever semicontinuous fermentation process producing the fuel precursor farnesene from 
cellulosic sugars at currently unprecedented titers, rates, and yields, resulting in greatly reduced commercial 
CapEx requirements. The result will be a technology enabling a commercial-scale bioprocess (100 million 
gallons of fuel per year) with capital costs less than that of a current demonstration plant ($40 million). This 
translates to a cost less than $0.50 per gallon of fuel production capacity and a step change in capital cost 
reductions compared to the current state of the art. 

 

COMMENTS 
• I am very happy to see the focus of this project, the realization that CapEx is a major hurdle to 

commercial advancement, is well received. The proposed CapEx per annual gallon of capacity at $0.50 
is an incredulous metric, and any progress made to approach that metric is impactful. The presentation 
was quite basic but did provide and illustrate some necessary components for thorough review such as 
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TEA discussion and process flow diagram. High-optical-density fermentations were achieved in 
respectable times, although media formulations were not clearly detailed in that phase of testing. Sugar 
co-utilization was achieved, although starting sugar concentrations are not near commercial relevance 
and byproduct accumulation is concerning. Target terpene production rates and cell recycle have also 
been advanced in a reasonable and timely manner; however, the lack of semicontinuous, integrating 
processing and end-of-milestone production rates (25 g/L-h) were not available or clearly illustrated. 

• Strengths: The concept behind the work is straightforward in that is recognizes how CapEx can make or 
break new bioprocessing technology, particularly for first-start operations. This project addresses that 
issue by investigating new methods of process intensification for growth and production using farnesene 
as the target product. To address these stages, the PIs define several reasonable criteria for investigation 
and optimization (slide 6)—e.g., CapEx can be driven down with rapid biomass growth in stage 1 and 
low mass/heat transfer requirements in stage 2, among other criteria. The project appears to have made 
progress toward their stated operational goals. Biomass production has been increased by modification of 
the growth medium (slide 14) and biomass production is able to consume all cellulosic sugars (slides 17 
and 18), leading to mevalonate, xylitol, and pyruvate production (slide 19).  

Areas for improvement: It is difficult to evaluate the impact, as the presentation does not contain 
sufficient detail. Economically, the presentation suggests that successfully reaching their operational 
goals will have a strong influence on CapEx (slide 10). But missing from the glide path is a description 
of yields, rates, and other assumptions used to generate this projected CapEx reduction. The novelty of 
this work is not clear, other than the CapEx context in which the project is placed. For example, the goals 
on slide 11 are typical for improvement in any bioprocess—high production, use of all sugars, high 
production rates, continuous processing, etc. In other words, if these goals were met in any project, the 
CapEx would come down. At the end of the presentation, the reader feels as if he/she is seeing just 
another bioprocess optimization project introduced by a rather novel context on CapEx. There is no 
mention of the organism being used or any sense of whether the products being generated are formed 
simultaneously, or whether they can be made selectively. Moreover, there is no sense of a baseline 
against which it can be determined whether these observations are significant improvements or not. 
During farnesene production, it appears (slide 23) that the process actually ends up with a mixture of 
terpenes, which may require a separate separation (possibly increasing CapEx) depending on the planned 
use of the products. The project started operation of a continuous fermentation system, which could offer 
some significant benefits to CapEx, but the recycling encountered a number of difficulties and is still 
being optimized to include CapEx reduction by building inexpensive reactor systems via 3D printing. 
How this would translate into a commercial scale is very unclear. Overall, this presentation appears 
incomplete—few details are given, the results are minimal, and it’s difficult to understand what’s really 
being investigated and what’s been achieved. Based on this presentation, the impact of this project 
appears to be low. 

• The goal of this project is to demonstrate semicontinuous two-stage production of terpenoids from 
cellulosic sugars. With a semicontinuous two-stage process, the team seeks to provide a demonstration 
for how to reduce the CapEx of biofuels production. To achieve this CapEx reduction, the team will use 
the approach of dynamic metabolic control, in which the growth phase of the microbial culture is 
physically separated from the production phase. For the growth phase, they plan to use a smaller reactor 
and achieve high density of microbial cells. For the production phase, the plan is to use a flow-through 
system with cell recycle. The project will benefit from a clear explanation of the rationale for how the 
proposed approach reduces CapEx. Is it the dynamic metabolic control? Is it the separation of the 
process into two stages? Is it the continuous operation in the production reactor? For example, CapEx 
comparisons against a process that only uses one stage but continuous operation or a process that uses 
two stages but batch operation in both reactors could be useful to help explain the approach. It is already 
common to separate growth phase from production phase, but this can be done in a single reactor. It is 
not clear what the benefit of separating these phases into two reactors is. Why would the mass transfer 
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requirements be higher during the growth phase? Mass transfer of what material? I could understand this 
if the mass transfer limitation is related to aeration of the cultures. Is this process using aerobic 
conditions? What microorganism is used? There are other projects within the BETO portfolio looking at 
hydrolysis and fermentation in flow-through systems, and there may be benefits of creating 
collaborations or communications with those teams. 

• The goal of this project is to reduce CapEx costs associated with fermentation through process 
intensification. The basic strategy will involve high-cell-density fermentations coupled with co-sugar 
utilization and two-phase metabolic control, where growth is decoupled from production. The latter is 
the key scientific advance, though the details regarding the method are vague. A key strength of the 
proposal is that it is motivated by TEA. In addition, the team has developed a web-based TEA simulator. 
The project seems on track with regards to the stated milestones. However, these were not clearly 
motivated. The main weakness of the project is that the impact is unclear. In addition, it is not clear how 
generalizable the results are. Part of the problem was the work was poorly presented, making it difficult 
to review. As consequence, it was difficult to be excited by this project. 

• The overall project plan is outlined. It is not clear if this is work done by the PI with other collaborators 
on board. DMC is a company where PI is a partner. The contribution and role of the company in the 
work is not highlighted. No risk mitigation plan is outlined. The overall approach is sound and has been 
used in the past at industrial scale. Semicontinuous and continuous processes are hard to maintain 
indefinitely, as typically productivity and yield drop. Cells need to be provided with maintenance to 
extend the stationary productive stage. Contamination can also be an issue, as contaminants adapt to use 
end products for carbon and energy use. Dynamic metabolic control is not a novel idea. The impact from 
a significant reduction in CapEx, if achieved, can be important to reduced target cost for low-value 
biofuels and chemical commodities. It is not clear if the cost reductions in slide 6 have been achieved or 
are based on modeling. The PI needs to clarify this point. The listed accomplishments indicate that 
biomass levels ~50 g cell dry weight/L has been achieved; the co-consumption of all cellulosic sugars 
has been shown in growth phase, but there is still a need to demonstrate that for stationary phase. 
Demonstrating a productivity rate for terpene at >0.75 g/g cell dry weight-h still needs to be 
demonstrated; semicontinuous processing and process integration is also pending, so has not been done. 
These targets were not met by 9/30/20 as planned. The overall impression is that this project is trying to 
demonstrate in parallel the production of mevalonate and terpenes from mixed sugars. It is not clear if 
the project is using a mock hydrolysate or a hydrolysate that is prepared in lab by mixing the different 
sugars and inhibitors. Publication record indicates that there are many contributors that are not listed as 
collaborators on the update. The PI should list focus areas and contributions made by his numerous 
collaborators. 

  



2021 PROJECT PEER REVIEW 

 

410 BIOCHEMICAL CONVERSION AND LIGNIN UTILIZATION 

BIOCHEMICAL PROCESS MODELING AND SIMULATION 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
The Biochemical Process Modeling and Simulation 
project aims to reduce the cost and time of research 
by applying theory, modeling, and simulation to the 
most relevant bottlenecks in the biochemical process. 
We use molecular modeling, quantum mechanics, 
metabolic modeling, fluid dynamics, and reaction-
diffusion methods in close collaboration with 
pretreatment, hydrolysis, upgrading, and TEA. The 
project’s outcomes are increased yields and 
efficiency of the biochemical process, added value to products, and reduced price of fuels by specifically 
targeting catalytic efficiency, reactor design, enzyme efficiency, and microbial design.  

We work closely with experimental projects to identify problems and iterate with experiments to find and 
refine solutions. By working with experimentalists, we decide on problems that can be solved with simulation 
that could otherwise not be solved or would take too long with experiment alone to reach BETO’s targets. We 
have produced solutions that have resulted in determining the most likely fatty acid derivative for passive 
transport out of bacteria that upgrades biomass, and we have also designed enzyme mutations for enhanced 
lignin upgrading. Metabolic models have been developed to tune the activity of butanediol production for the 
2022 target. A computational method to deliver understanding of how complex omics data can be interpreted 
in the metabolic pathways of organisms used in the Agile BioFoundry. We have found methods to overcome 
specific barriers and continue to develop those methods. Our reactor studies have guided the design of both the 
microbes and reactors for aerobic and microaerobic production at all scales and have been instrumental in 
improving the accuracy of techno-economic analysis models. This project is essential in the process of 
selecting the final processes for 2022 and 2030 biofuel production targets.  

More specifically, we have recently (1) predicted bond dissociation energies of >25 commodity plastics via 
density functional theory and determined the mechanism of polyethylene terephthalate (PET)-degrading 
PETase enzymes; (2) developed a computational tool for lignin modeling for bioconversion; (3) developed 
thermodynamic and kinetic models of 2,3-BDO production in Z. mobilis that explains glucose and xylose 
utilization and provides guidance to improve TRYs; (4) developed machine-learning methods to predict 
protein promiscuity and mutations to further improve microbial and enzymatic driven process; (5) developed 
tools to convert omics data from high-throughput experiments into actionable strategies to improve processes 
in industrially relevant hosts; (6) developed new methods to enable high-fidelity simulation of aerobic 
fermentation at industrial scale and resolve mismatch of time scales through subcycling/operator splitting; and 
(7) identified the difficulty in preventing local high-oxygen conditions in industrial bubble columns, which 
leads to less-desirable acetoin production, suggesting future research directions in alternative reactor 
configurations (e.g., loop reactors, shallow-channel reactors). 

WBS: 2.5.1.100 

Presenter(s): Adam Bratis; Yannick 
Bomble; Zia Abdullah; 
Courtney Payne; Jessica 
Krupa 

Project Start Date: 10/01/2018 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $2,950,000 
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COMMENTS 
• All catechism aspects are critical and appear to be getting logical and reasonable consideration. The 

progress and outcomes have shown direct benefits to a multitude of projects. Collaboration with 13 
projects is a substantial undertaking, and this magnitude of workload will need to be resourced 
appropriately. It feels like perhaps the project group is spread thin. Self-selection with successful projects 
appears to be taking place, which is not a compliment or a criticism, but rather purely an observation. I 
would envision most PIs will see the conspicuous value within the Biochemical Process Modeling and 
Simulation team and look to engage in these strategies and tools to enhance their own outcomes. It is 
great to see the creation and deployment of tools, not only for research purposes or for BETO directly, 
but for broader, multiple industry use such as the publicly available reactor models and new 
computational approaches. The project’s history of invention disclosures and publications are strong 
benchmarks. To some degree, the project is purely computational, even though it is informatics to a 
broad suite of users. The project staff might benefit from some cross-training or cross-functional 
activities. To get a better perspective and a deeper understanding, we find it to be valuable for our 
accountants to regularly tour the production facilities. Great project, well done! 
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• Management plan is adequate and requires good communication with other groups that can benefit from 
the tools being developed. Mitigation and risks are not addressed adequately in the review update. 
Several approaches have been deployed in several areas to assist with model prediction. It is not clear 
that this effort is adequately funded to deliver timely information. It is also not clear whether the team 
gets involved directly in some of these projects to fine-tune the models while gaining insights from 
hands-on experimental work. Modeling outputs and projections can be improved if inputs are validated 
by engaging modelers directly in the research. The relevance to BETO’s mission is excellent, as there is 
a need for timely delivery in a cost-effective manner. Gaining insights and improving technology 
transfer for scale-up industrial opportunities will require active involvement and will be dependent on 
personnel and resource availability. Having personnel in the mix with industrial experience will ensure 
more success upon transfer. Progress and outcomes are provided for several projects that rely on 
improved catalysts. Not clear though if we are close to whole-cell system engineering, but the tool is 
helpful in identifying metabolic bottlenecks and targets to improve redox balance. On the overall, this 
project is a serious effort to assist other projects where engineering of better enzymes/catalysts is 
necessary in a focused way. Simulating engineering of cells growing on mixtures of sugars in the 
presence of inhibitors and several end products in batch, continuous/semicontinuous, and fed batch under 
different aeration levels is still challenging. This project, while high on innovation, will require many 
years prior to scale-up and commercial deployment. This will require continued investment in high-risk 
cell-free technology development. 

• Strengths: This project is a valuable core service center for the overall program. One of NREL’s 
strengths in recent years has been the embrace of computation as a tool for experimentalists. These in 
silico efforts have proven their value in catalyst development and organism engineering, and as a basis 
for better focus of research efforts. Multiple modeling approaches are available across a wide range of 
granularity, affording insight to transformations at the molecular scale as well as large-scale reactor 
modeling. It’s a worthwhile activity that crosscuts many of the projects in BETO’s portfolio, and one 
that should be continued as part of the overall program. The project is actively involved with all of the 
projects within this program area, holding annual meetings with the project PIs to help define areas 
where modeling can be useful, and how it might be incorporated into the annual operating plan. While 
most of the work is in a service mode, there are opportunities for the project to carry out leadership in 
new areas to expand the utility of computational modeling. This latter area is important in order to 
maintain the viability of this research area. In response to comments from previous peer reviews, the PIs 
offered some concrete examples of how modeling has been translated into experimental work—e.g., 
work on lignin-converting enzymes and vanillin, and modeling the slow rate of xylose consumption by 
Zymomonas.  

Areas for improvement: It is a little hard to judge the specifics of this program, as the presentation spent 
most of its time describing the potential of modeling, including some examples that have become 
publications in high-impact journals. But despite the results from lignin enzyme engineering and 
Zymomonas improvement, justification of this research effort will be strengthened by continuing to 
develop solid examples of how modeling has produced demonstrated improvements in TRY, chemical 
yield, catalyst performance, etc. This is a challenge that all service centers face. The tools are available, 
but there is still a responsibility to convince the researchers to use them. Demonstrating a close link 
between computational results and improvements in experiment will lead to routine inclusion of 
computational modeling in most projects. 

• This project provides modeling support for the various activities within the BETO/NREL portfolio. The 
potential impact is clear, as modeling can provide new insights and greatly accelerate technology 
development. It also provides a valuable service for others. Overall, the project is doing well. The 
management structure is clear, with tasks clearly defined among groups. The team is working on a 
number of different projects ranging in scale from proteins to fermenters. Given that there are so many 
subprojects, it was difficult to evaluate progress. Not clear whether there is an easy fix to this problem, 
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as all of the different activities provide valuable services and impact different areas within the BETO 
portfolio. One area where the team should consider focusing more on is reactor modeling and 
computational fluid dynamics. Such simulations can greatly aid in fermentation scale-up. Also, such 
models are being ignored by most academic researchers (especially in the United States), so this is one 
area where the team can really drive the field and advance the state of technology. Lastly, it was unclear 
whether the team was developing open-source tools that will benefit the broader community. 
Disseminating their tools will improve the impact of this project. 

• This project uses modeling at multiple scales to help direct experimental research by other projects in the 
BETO portfolio. Success stories were reported on modeling that help the rational design of enzymes for 
lignin valorization and the creation of tools for lignin analytics, predictions that will improve rational 
design of enzymes for plastic biodegradation, and computational analyses of the effect of oxygen input 
rates on the production of 2,3-BDO. The project appears to have a positive impact on the productivity of 
other BETO projects. 

PI RESPONSE TO REVIEWER COMMENTS 
• We would first like to thank the reviewers for their effort to carefully evaluate this project. Their 

feedback will help us redirect some of our efforts and consider details we had overlooked. We agree that 
we always need to remind other projects of the value of modeling and what improvements were or could 
be obtained from modeling to improve processes. We do aim to focus on research projects where 
modeling could have the most impact, and to do so we are in constant discussion with experimental 
project leads to demonstrate that modeling can help improve their bottom line. The risk associated with 
this project are twofold; the first is to consider too many projects and not focusing on the ones where 
modeling can have impact, which could lead to unproductive use of our resources. This is why we take 
the time to think about our approach in light of what our experimental collaborators in BETO need. The 
second is to not yet have the appropriate software, methods, and/or hardware to tackle a problem, which 
usually prompts us to seek fruitful external collaborations, which we have done successfully to BETO’s 
benefit in the past. Given that this is a computational project working with many other experimental 
efforts in BETO to enable the cost-efficient production of biofuels, biochemicals, and biopolymers, we 
do not anticipate commercial deployment directly from this effort but in partnerships with other efforts 
in BETO. Computational fluid dynamics is indeed an area of our project that we think has a lot of 
promise, notably to help with reactor design for atypical production routes including complex 
fermentations and cell-free biocatalysis. Scientific dissemination is an important aspect of our research, 
and we do make all the codes, force fields, and other computational tools available to the public. We do 
agree that cross-training can be very important. For the last few years, we have encouraged researchers 
work on this project to attend and actively participate in relevant experimental group meetings to get 
their perspective and also to better identify needs to remain relevant. 
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ANALYTICAL DEVELOPMENT AND SUPPORT 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
The objective of the Analytical Development and 
Support project is to produce and maintain the critical 
analytical methods and tools that enable evaluation of 
emerging biofuels R&D at NREL and in the broader 
biofuels research community. Our project is divided 
into two tasks: one is to develop novel analytical 
techniques and improve existing methods, and the 
other is to maintain existing analytical capabilities at 
NREL and provide outreach to the wider community. 
The Analytical Development and Support project is world-recognized for our laboratory analytical procedures, 
which provide detailed procedures for compositional analysis of biomass and have been adopted as the de 
facto standards within the biofuels community largely due to the transparency of the methods and the high 
reputation of NREL’s research. Our dialog with stakeholders allows us to provide robust, precise, accurate, and 
publicly available analytical procedures for better valuation of scientific tools, such as our recent 
accomplishment in developing a cellulose assay to support the U.S. Environmental Protection Agency and 
industry in calculating converted cellulose during starch ethanol production. We continue to develop analytical 
capabilities to support BETO’s directives to research cost-advantaged fuels such as animal wastes and novel 
bioproducts like 2,3-butanediol. 

 

WBS: 2.5.1.101 

Presenter(s): Ed Wolfrum; Zia Abdullah; 
Courtney Payne; Jessica 
Krupa; Justin Sluiter 

Project Start Date: 10/01/2018 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $2,155,000 
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COMMENTS 
• Overall management slides provide sufficient details. As Analytical Development is a large group, it 

would be helpful to have more details on the management structure and go-to people and areas of 
expertise. While risks are not highlighted and identified in the presentation, the focus on good training of 
personnel with timely delivery is critical to consistency of results and relevance to stakeholders that 
benefit from it. The presentation provides a balanced approach between supporting existing projects and 
stakeholder requests with new method development. The overall impact of NREL on developing 
methods is well recognized by internal and external end users. One of these is the recent development of 
a method to measure cellulose/starch in corn fiber. The method developed has been adopted by the U.S. 
Environmental Protection Agency, for whom timely development and deployment has been of great 
value. Progress and outcomes cite the development and validation of near-infrared for 2,3-BDO 
fermentation as another example of analytical method development. Analytical Development has also 
taken the lead on method development on purely characterized cost-advantaged feedstocks used in 
anaerobic digestion that have a range of biomaterials. Analytical development is clearly necessary for the 
timely analyses of waste streams that present analytical challenges in current efforts to valorization. On 
the overall, the project continues to serve BETO well. It would be good to highlight industry 
engagements with more examples of how Analytical Development is meeting external client needs by 
providing timely analyses. This information can be readily obtained from procedure downloads by 
external users. Continued focus on rapid cost-effective methods that can be readily implemented at 
industrial scale as a goal for the effort needs to be highlighted. While wet chemistry validated methods 
are good in establishing feedstock composition, developing spectroscopic methods for rapid use in the 
field is an area of need, and the near-infrared BDO analyses in fermentation is a good example. 
Analytical development continues to be challenging and lacking at large-scale biorefineries. 

• Strengths: This project provides a critical service function for the entire BETO program by offering and 
maintaining the analytical capability, methods development, and training for assays on the many 
feedstock and biomass conversion samples generated by the research teams. The team also has a clear 
process in place for method development and validation (slides 8 and 9), which has led to several of their 
laboratory analytical procedures being adopted as ASTM standards. Despite the COVID slowdown, the 
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team has been able to process more than 16,000 total analyses in FY 2020, including 2,200 liquors 
analysis, which looks like an addition to the team’s analytical capability from FY 2019. The impact of 
this project is high. As the presentation points out, the analytical team is ensuring high-quality research 
data, the importance of which can hardly be overstated. High-quality data and reproducible, standard 
analytical techniques are a key part of NREL’s reputation. The general acceptance of their publicly 
available laboratory analytical procedures within the research community is a good example of the 
significance of the groups work. The procedures provide a common framework for analysis of extremely 
complex material, allowing credible comparisons to be made between different research projects. The 
team’s combination of analytical skills (wet chemical and instrumental), development of standard 
methodology, and clear emphasis on quality control continue to make this center a key component of 
BETO’s program.  

Areas for improvement: On slide 6, the presentation describes training carried out for staff. It would be 
useful to have a clearer picture of the split between training staff and carrying out analyses as a service 
function, and the amount of time required for instrument maintenance. The presentations quad chart 
shows a cut of almost $300,000 (nearly 30%!) in funding between FY 2020 and FY 2021. This had to 
have placed a significant burden on the team. More information on the rationale for the funding cut and 
how it was addressed would be useful. 

• The analytical development and support project is a critical project that performs a service to other 
BETO projects by processing thousands of samples per year with about a 2-week turnaround time. The 
impact of rigorous method development by this team is clear and not only serves BETO projects, but 
also reaches industry, other labs, and academic units at a global scale. A risk is that potential adoption of 
the developed methods will depend on the use of instrumentation that is accessible to other potential 
users, so a focus on inexpensive and user-friendly methods is critical. 

• The project is well managed and executed. It is true, NREL is a leader in biofuels analysis, allowing a 
worldwide community language; this is undeniable, and the team’s recent compositional analysis 
publication should be recognized as proof. The analytical chemistry is foundational, and approved 
methods have the ability to complement and impact ongoing pathway approval efforts related to Gen1.5 
renewable identification numbers via the Renewable Fuel Standard. With respect to the publication, the 
method development and validation efforts utilizing nuclear magnetic resonance and liquid 
chromatography–mass spectrometry add credibility, and the risk mitigation plan to simplify the core 
methods is merited. Industry will need to get it done (composition) with NIR, high-performance liquid 
chromatography, LECO, and gas chromatography. The recognition that MS and NMR widespread 
adoption being unlikely is well received. Continued NIR model development with model functionality 
on a range of instrument vendors such as Thermo-Fisher, Bruker, Metrohm, Perkin Elmer, and Zeiss 
would be of great benefit. Round-robin industrial Gen1.5 feedstock sampling and NREL-performed wet 
chemistry to build publicly available models could be a great industrial utility. The migration in 
development to cost-advantaged feedstocks will open a new portfolio and create significant value to 
industry lacking these tools. Lignin quantification in high-protein-content substrates is a legitimate 
pursuit; similarly, tools for yeast quantification within high-lignin or high-fiber substrates would have 
immediate industrial impact. Methodology to determine yeast vs. non-yeast protein mass, protein 
chemistry, protein arrangements, simplifying amino acid quantification methods, 1,3- and 1,6-beta-
glucan quantification, and mannose oligo-saccharides from protein vs. structural carbohydrates, to name 
a few, would be impactful to the renewable fuels industry. Although the project was successful in 
achieving what was asked for, a one-pot method quantifying cellulose, starch, and xylan/arabinan is still 
very much needed. Excellent project and great job! 

• The project provides analytical support for both internal and external partners, a critical need for any 
project. The services range from routine measurements and instrument training to methods development. 
In addition, the team is developing standardized procedures for biofuels/chemical research. This seems 
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to be a unique contribution that exploits the expertise and experience at NREL. Overall, this is a critical 
program for BETO/NREL. The team is making excellent progress. They are meeting their objectives and 
providing a critical service. The milestones are not clear, but this is difficult for this sort of program. 
Going forward, it would be great to see this program work with more external partners and further 
develop standardized protocols.  

PI RESPONSE TO REVIEWER COMMENTS 
• First, I would like to thank the reviewers for their time and comments. Engagement with stakeholders is 

very important to this project, and feedback such as this truly helps to direct our future research goals.  

This project is not directly responsible for covering the time of the analysts when performing the analysis 
that support the program; that funding comes from the individual projects that request the work. This 
project coordinates the work to ensure that all samples are analyzed efficiently and by well-trained and 
qualified analysts on instrumentation that works. 

This project is not as large of a group as it appears. It serves to coordinate the work of many researchers 
but is largely made up of only three people. Justin Sluiter manages the project, coordinates with external 
stakeholders, leads method development work, and trains staff on new methods. He is full-time on this 
project. Darren Peterson is tasked with monitoring the sample queue to ensure that we are meeting 
deadlines, ensuring proper training on protocols, and performing instrument maintenance. He estimates 
that he spends about half of his time on this project, split evenly between managing the sample queue, 
instrument maintenance, and training. Katie Michel joined the team with a diverse commercial analytical 
background in FY 2020. She assists with method development and optimization efforts. She has taken 
over the data management for the project.  

Because it was not yet public information at the time of the presentation, we were not able to discuss our 
funding situation and ongoing stakeholder collaboration efforts, as they are closely related areas. We are 
pleased to announce on May 3, 2021, a directed funding opportunity for industry and universities to 
leverage the Analytical Development and Support biomass compositional analysis capabilities. This 
opportunity is funded at $1.5 million over the next 2–3 years. We hope to engage directly with 
stakeholders to address analytical issues that they are facing. The stated areas on interest for this 
opportunity are characterization of mixed carbohydrate streams, development of rapid characterization 
for mixed carbohydrate and lignocellulosic streams, and development of analytical methods for 
characterization of wet organic wastes. The total funding available is $1.5 million. The ADS project had 
a reduced scope and funding the during 2021 to prepare for this directed funding opportunity effort.  

We are aware that the national laboratories are blessed with cutting-edge equipment and that not all 
stakeholders have equal access to instrumentation. Katie Michel, who has recently joined the group, has 
extensive experience in commercial analytical. Her knowledge in this area will help us to develop 
accessible methods. 

Analytical Development and Support sets milestones that reflect the diversity of work that we undertake. 
Often these are steps towards method development that support the program or numeration of samples 
and projects supported. The recent development of a cellulose-specific analytical method to support the 
U.S. Environmental Protection Agency and starch ethanol industry caused us to shift our milestones 
entirely to supporting that effort.  

The new analytical method published in Cellulose has not been adopted by the U.S. Environmental 
Protection Agency. It is under consideration, just like all other methods.



2021 PROJECT PEER REVIEW 

 

418 BIOCHEMICAL CONVERSION AND LIGNIN UTILIZATION 

ENGINEERED REVERSAL OF THE ß-OXIDATION CYCLE IN CLOSTRIDIA 
FOR THE SYNTHESIS OF FUELS AND CHEMICALS 
Northwestern University 

PROJECT DESCRIPTION 
Rapid population growth, a rise in global living 
standards, and economic competitiveness have 
intensified the need for sustainable, low-cost biofuels 
and bioproducts. Industrial biotechnology using 
microbial cell factories is one of the most attractive 
approaches to address this need, particularly when 
large-scale chemical synthesis is untenable. 
Unfortunately, designing, building, and optimizing biosynthetic pathways in cells remains a complex and 
formidable challenge for many reasons. First, design-build-test cycles for optimizing a given biosynthetic 
pathway can take on the order of weeks to months, requiring hundreds of person-years of research and 
development time to bring a new bioproduct to market. Second, most high-throughput platforms for testing 
engineered organisms focus on Escherichia coli or yeast, which limits the platform organisms, feedstocks, 
target molecules, and stable operating environments for development. Third, a focus on linear heterologous 
pathways limits co-development of multiple products. Here, this project will address these limitations via 
unique pathway tools and engineering strategies that enable rapid synthesis of next-generation biofuels and 
bioproducts from lignocellulosic biomass in Clostridia. The core of our unique approach is to reconceptualize 
complex biological systems engineering by combining in vitro and in vivo work to advance state-of-the-art 
pathway design, prospecting, and validation in an integrated framework. This framework will diversify the 
breadth of both products and platform organisms available to meet DOE and U.S. Department of Agriculture 
bio-based industry goals. We specifically aim to develop a new platform for engineering reversal of the ß-
oxidation cycle (r-BOX) in Clostridia for synthesis of advanced fuels and bioproducts from biomass syngas 
produced by established gasification technologies. The environmental, community, and rural economic 
development impacts will be assessed for implementation in the Southeast region of the United States, utilizing 
regionally abundant forestry residues as feedstocks.  

 

WBS: 2.5.3.206 

Presenter(s): Michael Jewett 

Project Start Date: 10/01/2018 

Planned Project End Date: 01/31/2022 

Total DOE Funding: $1,600,000 
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COMMENTS 
• Management consists of three universities and a private company with separate tasks and deliverables. 

Risks and mitigation and communication strategy are outlined. Approaches use knowledge base reverse 
engineering of the ß-oxidation cycle in industrial strains of Clostridia using pathway design, cell-free 
extract, and validation. The approaches are innovative (design, build, test) and within BETO's focus 
areas. The impact of these approaches can be assessed at the end of this project, but so far good progress 
has been made with two selected end products (hexanol, octanol); however, TRY are not within 
commercial viability at this stage of development. Progress and outcomes indicate that the project’s 
initial tasks have been completed. As a proof-of-concept project, this is a promising project. Reverse 
engineering of ß-oxidation cycle into Clostridia will pave the way for a wide range of products, but this 
project represents a long-term investment in R&D. The commercial viability is not within reach, as the 
productivity target is low. As such, this is a high-risk project but hard to assess return on the investment 
in R&D. The environmental and socioeconomic impact component is interesting but cannot be assessed 
fully unless commercial viability is established. Impact of this project can be assessed better once a 
TEA/LCA can be carried out, but with present targets will need be possible without longer-term 
investment with realistic TRY. 

• Strengths: The core technology in this work is syngas fermentation, using syngas from conventional 
lignocellulosic gasification. The high-level concept makes some sense, in that biomass gasification 
generates a well-defined starting material—syngas—which avoids the problems of multiple 
carbohydrate- and lignin-derived structures generated in other approaches. The technology has been 
available for decades, and gives access to both fuels and chemicals depending on how the syngas is 
converted. The inclusion of LanzaTech as a partner is a strength and indicates that industry senses an 
opportunity. Further, Lanza possesses a commercial gasification facility and a huge number of different 
sequenced Clostridia strains for screening; this is an excellent combination of facilities directly pertinent 
to the project. The general scientific approach is interesting. The PIs will reverse the beta-oxidation cycle 
(r-BOX) in Clostridia, giving access to a wide range of chemical structures (slide 12). Achieving this 
goal will employ a cell-free step for prototyping organisms and subsequent whole-cell processes to 
produce chemicals.  

Areas for improvement: Biomass gasification remains more expensive than gasification of coal. Thus, 
this work may be interesting scientifically, but does not address the question of why one would gasify 
lignocellulosics if they could get syngas from conventional sources. The impact of syngas CO/H2 ratios 
was also not mentioned. This ratio can vary widely depending on the gasification technology used, and 
needs to be clarified. Post-presentation discussion revealed that different CO/H2 ratios have been 
examined, but the outcome was not clear. Critically, there is no mention of TEA for this project, making 
assessment of the possible impact much more difficult. This issue becomes particularly acute when seen 
alongside the project’s goal to generate 100 mg/L/day of an r-BOX product, which is a surprisingly 
small amount. Greater justification of how titers of that level translate into an economically viable 
process would strengthen the presentation. The process also gives mixtures of products (slide 42; butanol 
and hexanol) in a roughly 1:1 ratio. While the number of products is markedly less than many of the 
mixtures in alternate biomass conversion efforts being reviewed, it still ends up being a coproduct 
scheme. Surprisingly, the presentation makes no mention of TEA, production costs, etc. This omission 
gives the reader no sense of the commercial opportunity, which is critical in a BETO-supported program. 
A further important issue was the inconsistency between messages in the presentation and those in the 
subsequent discussion. The presentation clearly indicates a focus on gasification of cellulosic biomass 
(slide 5) to supply the feedstock for production of fuels, additives, and chemicals. These are large-scale 
operations, and thus a cost comparison to conventional coal-based gasification must be included. The 
post-presentation discussion switched focus and indicated that the work was looking at gasification of 
unidentified lignocellulose-containing waste streams. If it is waste streams, the operations would be 
smaller scale, disperse, working with low concentrations of material, and suggesting that the output 
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would never generate enough product to make a real impact. No comparisons or commercial operating 
scenarios were given, and moreover, the answers seem contradictory, which are considerable weaknesses 
of the project and omissions from the presentation. 

• The goal of this project is to produce medium-chain fatty alcohols from syngas. The basic strategy is to 
reverse the beta-oxidation cycle. While this approach has been previously demonstrated in E. coli, it has 
not been shown in a gas-fermenting Clostridial species. Given the difficulty of genetically engineering 
Clostridia, the team has used cell-free systems for rapid pathway design and optimization. It is actually 
surprising how well this worked given that the cell-free system was based on E. coli. Overall, this is a 
beautiful demonstration of this technology for guiding strain engineering. The science is also fantastic. 
Perhaps the greatest strength of the project is the strong partnership between academia and industry, 
where bench-scale technologies are translated into real processes. Another strength is the outreach 
activities, consisting of workshops developed for rural economic agencies. Overall, this is an outstanding 
project and the team is making great progress. 

• The project is interesting and relevant; direct industrial benefit appears to have been achieved. 
Utilization of synthesis gas, by Clostridia fermentation, from established gasification technologies for 
drop-in fuels, chemical building blocks, and fuel additives with a reported $14 billion U.S. market value 
is a worthy strategy. Product compound diversity is a great asset to this undertaking. The project seems 
to be on track to meet or exceed the end-of-milestone targets; however, the production metrics of >0.1 
g/L/h at pilot scale in milestones 3.4–3.5 have not yet been achieved. LanzaTech is a great commercial 
partner and adds credibility and utility to this project. Similarly, the academic collaborations are 
noteworthy. In broad terms, with respect to impact, it would be insightful to know if any of these 
portfolio strains have made it to commercial use and what rigor or metrics were required to advance the 
established organism to industrial selection. 

• This project is a great demonstration of the power of cell-free technology for combinatorial analysis of 
enzymes to create optimized pathways for integration into a microbial chassis. Reverse beta-oxidation is 
a known pathway in many Clostridia that ferment sugars to a variety of organic acids. The project has 
demonstrated the integration of reverse beta-oxidation into Clostridia strains that lacked this pathway. 
Furthermore, by selecting the terminal enzymes in the cyclic pathway, the team can direct the pathway 
from production of acids towards production of alcohols. It is also impressive that with optimal selection 
of terminal enzymes, the team can direct the cyclic pathway towards maximizing production of alcohols 
with a specific length. Overall, a great project. 

PI RESPONSE TO REVIEWER COMMENTS 
• We appreciate the reviewer recognizing the promising nature of our project and its innovative 

approaches. The r-BOX products can be coproduced with ethanol, already proven as a commercially 
viable product with this technology. Some of the r-BOX products have potential for relatively direct 
separations, improving the potential for early-stage commercially viable coproduction with ethanol. As 
we increase selectivity to products of interest, environmental benefits will be realized once the products 
enter the marketplace. The initial LCA indicates that using renewable power, along with low process 
requirements, will result in products with substantial GHG emission savings over their fossil 
counterparts. The majority of the TEA work package is back-loaded in the project, and based on the 
progress to date and commercial performance targets, the economics continue to be attractive. This will 
be de-risked with increasing technical progress, both during the project and during the subsequent scale-
up and development.  

We appreciate the reviewer celebrating our project as outstanding, recognizing the strengths being 
brought to bear through integration, and highlighting that the science is “fantastic.”  
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We thank the reviewer for these comments and assessment that we are on track. We agree that the final 
productivity targets have not been met, but plan to complete the project milestones 3.4 and 3.5 by project 
end as planned. A key goal of this project was to establish functionality of the r-BOX pathway in 
Clostridium. Having achieved this goal, we have de-risked an important step and can quickly accelerate 
to high levels of the target products of interest.  

We thank the reviewer for their positive assessment.  

We appreciate the recognition of multiple strengths. Thank you for the comments regarding gasification 
and the economic implications of using coal versus biomass as a feedstock for gasification. Syngas 
produced from coal gasification has a lower cost of production than syngas produced from biomass due 
to the lower commodity price for coal ($/Btu). But this “cost” should not be looked at in isolation. The 
true cost of syngas produced from coal will be burdened by the additional costs associated with inherent 
environmental and health costs attributable to coal extraction, ash production, heavy metal mitigation, 
and of course release of fossil carbon to the atmosphere. Biomass, on the other hand, is not burdened by 
these externalities, and in addition, fuels produced from biomass gasification and gas fermentation will 
benefit from financial incentives such as California’s Low Carbon Fuel Standard. While superficially 
less expensive, syngas from coal gasification is not advantaged, and unlike biomass, is not renewable. In 
the absence of carbon capture and sequestration, products derived from coal gasification will have higher 
emissions than products derived from biomass. LanzaTech will discuss options with the Bioenergy 
Technologies Office for how to best address and compare costs between coal and biomass.  

Regarding H2:CO ratio, the reviewer is correct that depending on feedstock type and technology, the 
ratio of H2 to CO in syngas can be variable. Importantly, and unlike traditional Fischer-Tropsch 
catalysts, LanzaTech’s proprietary gas fermentation process and microorganism is capable of operating 
on a wide range of H2:CO ratios. LanzaTech has successfully demonstrated this capability on different 
feedstocks at various scales with multiple partners around the globe. Regarding scale of commercial 
deployment, to clarify, LanzaTech’s technology is flexible and can be deployed to match the feedstock 
opportunity. Both small-scale, lower-volume waste streams and larger-scale, higher-volume waste 
streams can be valorized depending on the specific project characteristics. Likewise, the r-BOX pathway 
offers flexibility and product options (hexanol at the lower end of the cost; there are a lot of high-value 
products that might not need such high volumes). Coproduction of r-BOX chemicals with ethanol is the 
likely route to commercial viability. In order to meet the U.S. Renewable Fuel Standard 2, or potential 
future low-carbon fuel standards, the ethanol must have low life cycle greenhouse gas emissions, which 
will not be possible with coal as the feedstock. On the pathway toward large-scale commercial viability, 
utilization of carbonaceous waste streams can provide opportunities for low-cost feedstocks that are 
consistent with the smaller-scale production appropriate for TRL 8 and TRL 9 systems. 
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ENZYME ENGINEERING AND OPTIMIZATION 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
The FY 2020 SOT economic model for the DMR 
BDO process indicates that the production and use of 
biomass-degrading enzymes represents ~10% of the 
MFSP of BDO. We are thus working to enhance the 
performance of the dominant cellulase enzyme, 
Cel7A. In FY 2018–2019, we selected 100 promising 
genes from the “Cel7A wheel of life” and cloned 
them into T. reesei using a constitutive promotor. 
This natural diversity screening resulted in the 
discovery of several enzymes exhibiting improved characteristics relative to the industry standard Cel7A from 
T. reesei (Tr). Growth of the transformed host on glucose ensured that the Cre1-induced cellulase expression 
cascade was suppressed, thus enabling purification of the target gene product. The first top-performing enzyme 
found was from P. funiculosum (Pf). Other top-performing enzymes were identified from T. aculeatus, T. 
terrestris, and A. oryzae. Computational modeling predicted the structural subsites responsible for the 
improvements, which were cloned into the sequence of PfCel7A. The recombinant enzymes were expressed in 
T. reesei, purified, and tested. Testing was not possible with SOT relevant substrates, so the best-case substrate 
was used: solids from the DMR process subjected to a novel dilute alkaline wash to remove the “lignin shield.” 
Two chimeric Cel7A enzymes show improved performance (1.2 to 1.35 times) relative to PfCel7A, which in 
turn showed considerable improvement (1.6 times) relative to T. reesei Cel7A. These new enzymes have been 
provided to our industrial partner for evaluation. 

 

WBS: 2.5.4.100 

Presenter(s): Adam Bratis; Mike Himmel; 
Zia Abdullah; Courtney 
Payne; Jessica Krupa 

Project Start Date: 10/01/2018 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $2,700,000 
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Photo courtesy of NREL 

COMMENTS 
• Good management structure with defined roles, tasks, and subtasks. Risks and a mitigation strategy are 

in place. The project deploys multiple parallel approaches that are innovation-driven with go/no-go 
decision points. The project will have impact by developing an improved cellulase on selected DMR-
acidified and base-washed corn stover. The team still needs to resolve the uncertainty around the 
usefulness and impact to other biomass feedstocks that use other types of pretreatments. The impact of 
this project is confirmed by externally provided support letters. Progress and outcomes are illustrated in 
slide 28, as the new chimeras have significant measurable improved performance over wild-type 
enzymes. These results are promising and will enable reaching the stated goals for 2021 for enzyme 
performance. On the overall, this is a good, impressive effort on engineering a better class of Cel7A. The 
team has shown that by deploying multiple approaches and tools, a better-engineered Cel7A protein can 
be obtained. The performance of the improved enzyme was demonstrated using modified acid-
hydrolyzed and washed DMR corn stover that has reduced lignin content. The applicability of this 
enzyme preparation to other feedstocks, if confirmed, can assist in further cost improvement needed to 
cellulase enzymes. Beyond the improvement of Cel7A, the current cost of cellulase enzymes will 
continue to be high, so additional improvements in cost reduction for the production of sugars from 
biomass is necessary. Finding ways to reduce crystallinity during pretreatment can help reduce protein 
loading. The use of additives to reduce enzyme loss to nonspecific binding to DMR and to increase 
surface area, as well as recycling of enzyme/splitting enzyme dosing, are worth considering. Using a 
hybrid secondary acid treatment with cellulases are other things to consider also. 

• I am very glad to see the ambitious project goal expectations were surpassed. The 11% xylose yield 
improvement, which was achieved in 1 year, is almost hard to believe—well done. It is not clear that all 
yield improvements are attributed to enzyme platform progress, DMR/pretreatment enhancements, or 
combinations thereof. The project’s industrial partners are well regarded, which illustrates the value this 
team is bringing to market. Validation from Sarah Teter regarding NREL molecules in current 1.5G 
product discovery speaks for itself. The track record for patents, publications, and public presentations 
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resulting from this work is excellent. The efforts to evaluate the 2019 Peer Review comments are well 
received. It is great to see dilute acid and multiple DMR strategies contrasted, but I would like to see 
more process insight, as washing appears expensive and water is not a renewable resource at some 
facilities. Rate kinetics were mentioned to be slow, and productivities are also low; it was beneficial to 
hear this, as industry will want to understand this. Encouraging data were exhibited with conversion 
improvements. Similarly, mention of stress relationships and practical industrial aspects of operations or 
common process upset scenarios such as percent total solids and substrate loading, end-product 
inhibition, and temperature and pH ranges will be important to highlight at some point. Near-term impact 
with Gen1.5 feedstocks was mentioned, although no specifics were given related to the enzyme 
engineering or optimization. It is known that fiber contains a reasonable fraction of arabinan, which can 
be easily converted with industrial yeast strains to ethanol. For producers utilizing corn fiber feedstocks, 
featuring this area of work would be impactful. The retraction could be due to the rescheduled 
investigations on glucuronoarabinoxylan linkages. I am very excited for the work to come. Good job! 

• Strengths: This project does a terrific job of highlighting BETO’s links between fundamental science and 
practical applications in the biorefining industry by drawing on NREL’s extensive expertise in organism 
and enzyme engineering. The potential impact of this research on biorefinery operation is significant, as 
it targets new cellulase systems, a major cost contributor to the final biofuel MFSP. At the same time, the 
work offers scientific impact through generation of new fundamental knowledge, demonstrated by 
publication in high-impact, peer-reviewed journals. The team’s subsite approach, enabled by the 
Megatron, gives a sophisticated approach for importing subdomains into T. reesei, inducing properties 
necessary for improved performance over current cellulases. In particular, the team has been able to 
introduce three mutations into chimeric systems and engineer an organism with a 1.55 times 
improvement in the production of fermentable sugars. Significant progress has been made toward project 
milestones, and importantly, suggests new directions for the ongoing work. Of particular importance, 
and linked to other projects in the program, is the proposed transition from whole-cell to cell-free 
technology. Commercial interest in the project was demonstrated by industrial letters of support.  

Areas for improvement: The presentation would be strengthened if it could address the issue of potential 
diminishing returns. For example, slide 8 shows a reduction in projected cost of about 16% from FY 
2019 to FY 2022, but then only a 3% drop in the following eight fiscal years. There also appears to be a 
typo on the slide, in that MFSP reduction = $7.49 in each column except the first, where the FY 2019 
SOT is stated to be $7.79. 

• This is a fantastic project and a clear highlight of the BETO portfolio. The team is making outstanding 
progress and doing really interesting and cutting-edge science, from both an applied and fundamental 
perspective. It is also great to see the team working with companies such as Novozyme. Lastly, the 
results with the king chimeras are very impressive. No concerns are raised by this reviewer. 

• This project is making exciting progress on engineering better cellulases by combining discovery of new 
enzymes from natural enzyme reservoirs, exploring mutations that improve activity, and making 
chimeras to combine subdomains from different enzymes. Improvements on hydrolysis are contributing 
to the predictions of reduction in the MFSP of the biofuel. Nice work! 

PI RESPONSE TO REVIEWER COMMENTS 
• We appreciate all the reviewer comments. We would like to thank them for a very thorough review and 

for their support. In response to concerns about reducing cost and crystallinity, reducing the crystallinity 
of the feedstock is indeed one way that pretreatment can further continue to reduce enzyme loadings and 
thus cost. But cellulose has been designed by nature to resist such processing steps, so usually high-
energy mechanical treatment or more expensive chemistry is required. Higher disruptive energy means 
more horsepower, and thus electricity use and related GHG challenges. More caustic chemistry certainly 
will work to swell and modify cellulose, but usually these molecules are expensive, explosive, and toxic 
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to microbes and factory staff. In developing DMR, we have attempted to “thread the needle,” balancing 
pretreatment efficacy, cost, and process yield. Note that the improved Cel7A mutants should enhance 
any processing step that deconstructs lignocellulose to mixed sugars, including corn fiber and even short 
fibers from pulp and paper processing. Acid treatments have the problem of condensing lignins 
remaining in the slurry, which leads to lower-value lignin. It is true that the Gen1.5 applications appear 
to be very promising, especially the new Cel7A enzymes, and our work to identify recalcitrant 
glucuronoarabinoxylan linkages and enzymes able to hydrolyze them that do not exist in current 
commercial formulations. This linkage work has been moved to later this year, and hopefully reported in 
a milestone in FY 2022.  

Regarding deep-dive biochemistry of the Cel7A mutants, this work is now underway. I think I 
mentioned during the talk that some of the critical data were generated late in the year—this occurred 
when we had suitable quantities of all purified enzymes, enough of the DMR pretreated feedstocks (from 
several modified procedures), and enough staff in the lab. Yes, COVID did slow down pretty much all 
lab work in 2020. We will examine performance as a function of percent solids, temperature, product 
inhibition, and the overall formulation. This work should result in a nice high-impact paper. The final 
alkali washing step is very interesting. As one might expect, an alkaline process is sensitive to any pH 
excursions that might occur along the way, as this will result in partial “replating” of lignins (probably as 
lignin carbohydrate complexes) on the cellulose microfibrils. We spent some time demonstrating this 
was the root cause of the reduced conversion of the DMR solids sent to Andritz for disk refining (solids 
acidified to stabilize the biomass during shipping). This final dilute alkali wash can be omitted if more 
lignin is removed from the solids early on, which is why LTAD has recently focused on additional steps 
such as ozonolysis and dual alkaline extractions. Finally, our modest yields from T. reesei were 
considered sufficient for the objective of this work—i.e., to produce enough protein upon which to 
conduct research. We would normally consider scale-up of desirable enzymes to be the specialty of the 
enzyme companies, but in this case, we will consider proposing to DOE that we pivot some effort next 
year to building more effective production strains.  

The topic of diminishing returns is very real. However, projects like improving cellulase performance 
will “float all boats” in most biological commercial biomass conversion processes. But another thing that 
may be worth noting is that even though the percentage reductions may become smaller, on an absolute 
basis the “best case” FY 2030 MFSP that we show still represents a $0.23/GGE reduction compared to 
FY 2022 and a $0.50/GGE reduction compared to the latest FY 2020 SOT basis, which would definitely 
contribute a meaningful amount of assistance in further reducing the dependence on what we need from 
lignin upgrading (i.e., every little bit counts given the heavy lift we have on the lignin side). Moreover, 
the recently appreciated application of better cellulase formulations to Gen1.5 (corn fiber) is an example 
of this. So, work that may be reaching value asymptotically in the Gen2 process (here, with DMR 
pretreatment) may have a much larger impact on other biomass processing scenarios. The underlying 
question is, how much more do we need to know about fungal cellulases and how much better does their 
performance have to be? For better or worse, this question must always be linked to overall process 
specifications, such as which feedstock, pretreatment, and enzyme formulation is under consideration? 
When I wear my basic science hat, I think it is very interesting that we were able to find a half-dozen or 
so superior Cel7A enzymes in nature, compared to the T. reesei enzyme. At the outset of this project, I 
would not have predicted this outcome. Also, the fact that we were able to build active and accurate 
mixed chimeras reflects the skill of the team, but is nonetheless sort of surprising as well. I only recently 
realized that what we did reflects natural mechanisms and consequences of horizontal gene transfer in 
the biosphere! I hope our work here will inspire a new general approach to enhancing critical 
commercial enzymes using these strategies. 
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CELL-FREE AND IMMOBILIZATION TECHNOLOGIES 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
Today, several key factors negatively impact the 
production of fuels and chemicals from renewable 
sources. Common hindrances in the biological 
production of biochemicals are: (1) end-product or 
intermediate toxicity to the microbial biocatalyst, (2) 
the diversion of carbon to biomass formation, and (3) 
coproduction of undesired byproducts. A particularly 
attractive alternative is to eliminate the biocatalyst 
entirely and instead operate the desired metabolic 
pathways in isolation, thus circumventing the roadblocks of biological toxicity, lower yields, and lack of 
specificity. However, cell-free enzyme systems still suffer from low productivities, owing in part to the effects 
of free diffusion of intermediates, lack of long-term enzyme stability, cofactor cost or inefficient recycling 
rates, and finally, the cost of enzyme production/purification. This project represents a new effort to propose 
innovative and cost-competitive routes to producing biochemicals from a variety of feedstocks using cell-free 
approaches. These routes will help reduce the current risk and cost associated with classical cell-free 
production. Cell-free technologies show promise for application to the production of toxic/inhibitory products 
or products difficult to separate from microbial growth media, and can help reduce the production barriers in 
multiple areas of biological conversion of feedstocks to biochemicals. 

More specifically, we will develop new technologies and routes that could be used to produce high-value 
biochemicals such as 1,3-propanediol, 3-hydroxypropionic acid, 2,3-BDO, or polyhydroxybutyrate from 
biomass-derived C5/C6 sugars or lignin, but also from waste byproducts such as glycerol. This project will 
lead to significant innovation and new concepts and rational design of pathways and enzymes. Within this 
project, we will develop new metabolic enzyme cascades that will represent natural or artificial combinations 
of enzymes to produce the desired biochemicals from a variety of feedstocks. We will also develop basic 
design principles for constructing synthetic metabolons, using fusion proteins and synthetic protein scaffolds to 
promote substrate channeling and stability while conserving peak activity. Additionally, our efforts will 
include a TEA of cell-free approaches to provide the sensitivities of the process to enzyme loading, activity, 
pH, reactor volumes, and cofactor recycling rates. Finally, we will focus on further increasing stability, 
operating lifetime, and efficiency of the pathway enzymes by immobilization on support surfaces. We will 
focus on immobilizing pathway enzymes or combinations of enzymes on several different conducting 
polymers and evaluate the effect on stability and operating lifetime. As more combinations become available, 
we will conduct a more systematic study of the means of immobilizing these enzymes. This preliminary work 
will enable the in-depth study of cofactor recycling at these interfaces using mediators for electron transfer. 
Taken together, these approaches will enable process intensification, continuous operation, lower capital and 
separations costs, and end-product flexibility, and thus have the potential to contribute significantly to BETO’s 
goals of cost-competitive biofuels and bioproducts. 

To date, we have demonstrated (1) the conversion of pyruvate to 2,3-BDO (four enzymes with cofactor 
recycling, no additional cofactors needed) >90 g/L (2 g/L/h) of 2,3-BDO from pyruvate without optimization 
in <48 hours; (2) the assimilation of xylose in our cell-free system in top glycolysis towards the production of 
2,3-BDO; (3) the promise of converting glycerol to 1,3-propanediol and 3-hydroxypropionic acid based on 
enzyme tethering to protein scaffolds; (4) cofactor recycling at electrodes and assessed long-term cofactor 
stability; and (5) the conversion of glucose and hydrolysate to 2,3-BDO (with cofactor recycling) at titer of 
~30 g/L (2.5 g/L/h) of 2,3-BDO from glucose and ~16 g/L (1.4 g/L/h) of 2,3-BDO from hydrolysate. 

WBS: 2.5.4.101 

Presenter(s): Adam Bratis; Yannick 
Bomble; Zia Abdullah; 
Courtney Payne; Jessica 
Krupa 

Project Start Date: 10/01/2018 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $2,700,000 
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Photo courtesy of NREL 

COMMENTS 
• Good management organization with tasks and subtasks. Highlighted risks are enzyme stability, cost, 

and cofactor cost, as well as processing costs. The project deploys two parallel promising approaches for 
cell-free enzymes and immobilized enzyme catalytic pathways. These innovative approaches are made 
possible by BETO's focus on supporting new technologies that can enable future cost-effective 
production of biofuels and chemicals. Technological development, while challenging, is consistent with 
BETO's drive for innovative disruptive technologies. Industrial impacts are hard to assess with 
hydrolysate. It is not clear how much enzyme protein/cofactors would be necessary as compared to the 
production using whole-cell catalysis. The impact of toxic inhibitors and degradation products on cell-
free enzymes is not well understood. There is no indication that contamination of cell-free preparations 
does not also present a challenge, and how this can be addressed and controlled in in vitro synthesis. 
Progress and outcomes look promising for protein stability, engineering, and improvement without 
added cofactors with cofactor reutilization. Products made and titers indicate that cell-free manufacturing 
for 2,3-BDO with no factor addition has been demonstrated from glucose, mock hydrolysate, and 
hydrolysate with reasonable yields. Titers so far are not comparable to that reported for fermentation 
using whole-cell engineered Zymomonas mobilis strains. This is a challenging, high-risk approach, even 
though some of the early results are encouraging. Among key accomplishments, the project team 
highlights several achievements such as the demonstration of the conversion of pyruvate to 2,3-BDO at a 
titer that is >90 g/L with a productivity of 2 g/L/h without optimization in <48 hours using four enzymes 
without additional cofactors, and the assimilation of xylose using the cell-free system to direct flow 
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towards 2,3-BDO and the conversion of glucose and hydrolysate to 2,3-BDO (with cofactor recycling) at 
a titer of ~30 g/L with a productivity of 2.5 g/L/h from glucose, and ~16 g/L with a productivity of 1.4 
g/L/h from hydrolysate. These accomplishments support that cell-free and immobilization technologies 
are promising approaches. Commercial adoption and scale-up will still be challenging. 

• Strengths: This project and others examining cell-free conversion technology is a promising, longer-term 
approach for streamlining bioproduction of chemicals and fuels. Its inclusion in the portfolio highlights 
BETO’s unique position in examining new bioprocessing technology considered too risky for industry. 
The project reports interesting results and demonstrates valuable fundamental research. Pyruvate can be 
converted to BDO using a cell-free, four-enzyme system at 90 g/L, meeting and exceeding production 
milestones. The result on enzyme immobilization and that wild-type activity can be recovered by 
modifying the length of the tether between the enzyme and its support is scientifically interesting. 
Pathways to 1,3-propanediol, 3-hydroxypropionic acid, and diacids have been developed, suggesting 
wider applicability if operational challenges (cofactors, enzyme production) can be overcome. The effort 
incorporating biomimetic cofactors for electron transfer is particularly interesting from both a scientific 
and cost standpoint, as is the project’s demonstration that the cofactors can exhibit high stability. Early-
stage results also show that the cofactors can be recycled at electrodes, as needed for a more economical 
approach. These features are central to developing long-lived and economically viable cell-free systems.  

Areas for improvement: The key barrier to this approach is recycling of the cofactors (expensive) needed 
for redox balance. Large-scale production of enzymes is also a real challenge (for example, in processes 
requiring 23 enzymes!), but surprisingly, was not mentioned in any detail. More clarity around the high-
level operating scenario would be useful, as would additional detail regarding the assumptions behind 
the TEA (slide 13). Without more information and justification, it is hard to believe that these cost 
targets could be reached. Electrochemical processes, here suggested for the recycling of cofactors, will 
be considered exotic within industry. It would be useful if the PIs could point to examples of large-scale 
electrochemical conversions of the type planned in this work, other than long-established approaches 
(chlor/alkali, hydrodimerization of acrylonitrile). As is the case in several of the NREL projects, it would 
be helpful to hear more about why BDO is being used as a fuel instead of a stand-alone chemical. The 
most informative comparison would be a side-by-side projection of production costs from cell-free, 
conventional biochemical, and petrochemical approaches. 

• The concept and proposition have the potential to be unprecedented and far-reaching. The interactions 
with other BETO projects, national labs, academia, and the excitement from industrial partners is a 
testament to the concept potential. The project’s challenges and solution plans are strategic and logical. 
The current state being bench scale with defined media and sterile processing signals that the technology 
is early in the development cycle, but everything appears to be on track. 

• The goal of this project is to produce 2,3-butanediol from hydrolysate using a cell-free system. Cell-free 
systems are a promising technology for producing biofuels and chemicals without the need of living 
cells. They are especially promising when dealing with toxic substrates or products. However, there are 
significant concerns whether cell-free systems can scale due to the costs of the enzymes and cofactors. 
Some believe that these components can be made sufficiently cheap, especially when the enzymes can be 
recycled and cofactors regenerated. Others do not. As a consequence, the impact is unclear. Despite the 
concerns raised above, this is an exciting project. The project is well managed with clear and compelling 
milestones. The team is also making good progress and reaching their milestones. They are also 
addressing the enzyme recycling and cofactor regeneration challenge, thus addressing one of the primary 
concerns regarding cell-free systems. The only potential weakness is the choice of product: 2,3-
butanediol is relatively inert, and most microorganisms can tolerate high concentrations. Perhaps the 
team should consider producing a toxic molecule, thus taking advantage of one of the primary strengths 
of cell-free systems. 



2021 PROJECT PEER REVIEW 

 

430 BIOCHEMICAL CONVERSION AND LIGNIN UTILIZATION 

• This project is evaluating the feasibility of using in vitro cell-free systems for production of biofuels 
from lignocellulosic biomass hydrolysates. As a proof of concept, the project is focusing on producing 
2,3-BDO at 40 g/L and productivity greater than 1 g/L/h. Good progress has been demonstrated with a 
cell-free system that produced 16 g/L of 2,3-BDO from hydrolysates (diluted hydrolysates?) with a 
productivity of 1.4 g/L/h. This system used 23 different enzymes to assemble the pathways from glucose 
and xylose to 2,3-BDO. TEA has been used to make predictions of the effect of enzyme stability 
(number of cycles that can be done with a batch of enzymes) and the cost of cofactors (to assess the 
effect of cofactor recycling). The metric used is “bioconversion and fuel productivity cost,” although it is 
not clear what this metric is measuring (is it $/GGE of biofuel, or something else?). This project will be 
able to provide valuable insights into whether cell-free systems with a large number of enzymes could be 
competitive with microbial conversion processes or whether the opportunities for cell-free systems 
would be better focused on specialized short pathways to be used in combination with other microbial 
and/or chemical processes. A suggestion for this project is to also evaluate its feasibility using LCA. For 
instance, while it may be the case that some cell-free systems operate with no CO2 evolution, the 
production of enzymes and cofactors may have a non-negligible CO2 footprint that needs to be 
considered. This project, with its connections to other BETO projects, seems to be the proper place to 
perform such analysis. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for all their efforts to carefully evaluate this project, its strengths, and its 

weaknesses. It is very clear that these reviewers carefully considered our project and took the time to 
provide valuable feedback. Regarding enzyme production and costs, we are confident that scale-up 
production can be achieved using dedicated production strains. Some enzymes will need to be expressed 
intracellularly, but would only require crude purifications such as heat precipitation when thermophilic 
enzymes are used. The contribution of enzyme cost to the overall process can also be mitigated by 
increasing their operating lifetime, which we are trying to achieve using a combination of enzyme 
prospecting, engineering, and immobilization/encapsulation. We already know that some enzymes 
remain active for days in solvents without immobilization/encapsulation, which bodes well for the 
prospects of enzymes operating for 30+ days once stabilization approaches are put in place to enable 
continuous operation. The same strategies used to increase enzyme operating lifetime can be used to 
increase the enzyme tolerance to toxic compounds encountered during production. Some enzymes will 
always be more susceptible to degradation, and new process strategies such as modular reactors have to 
be developed in the future to be able to selectively swap these enzymes for smooth and continuous 
operation.  

Regarding the selection of 2,3-BDO, as our project was new to BETO, we decided to select a product 
that would be aligned with other projects that relied on fermentations for 2,3-BDO production to directly 
compare our titers, yields, and productivities and demonstrate that cell-free systems can be cost-
competitive even when considering a product that can produced by microbial fermentations at high titers 
and that has low toxicity. We are now moving to more toxic and valuable products to fully demonstrate 
the benefits of cell-free biocatalysis over fermentative processes for these types of products.  

Contamination could indeed be a concern, as these cell-free systems are intended to be used for weeks at 
the time. There are several approaches that can be used to avoid such contamination. First, cell-free 
processes are intended to be used for the production of cytotoxic intermediates or products, or to convert 
toxic feedstock streams, which will help limit the potential for microbial contamination. Second, cell-
free systems are being developed to function at higher temperatures than traditional fermentative 
processes (using immobilized enzymes and synthetic cofactors), which could also further limit the 
potential for microbial contamination.  

The cost targets in our TEA are indeed in $/GGE biofuels. Here we focused on the “bioconversion and 
fuels” component of the total fuel cost, as this is where most of the benefits of cell-free production will 
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be seen. With enzymes operating for 100 production cycles, we can see a 10% benefit with cell-free 
systems over traditional fermentations, even for a nontoxic product such as 2,3-BDO. We expect this 
comparison to be more advantageous for cell-free production with toxic products. The consideration of 
LCA is indeed a really good suggestion. We do anticipate that cell-free processes can be designed to 
increase carbon efficiency but also limit or reuse any CO2 emission evolved during the production 
process. Additionally, cell-free processes will have much higher volumetric rates, which will help lower 
water treatment needs. It is also correct to point out that enzyme production has a CO2 footprint that has 
to be carefully considered. In this regard, increasing the stability and operating lifetime of these enzymes 
is crucial to reduce overall CO2 emission originating from their production.  

We do agree that there are significant obstacles that need to be overcome for cell-free biocatalysis to 
become a reality at the industrial scale. However, enabling this technology at that scale could be a game-
changer for the production of biochemicals and bioproducts leading to reduced production cost and less 
carbon-intensive processes. One of these obstacles is cofactor management, but we and others are 
demonstrating that cofactors can be recycled and are stable for multiple production cycles, thus leading 
to reduced cost. This cost can also be further reduced by enabling the use of cheaper and more stable 
synthetic cofactors. Regarding the use of electrochemical processes for cofactor recycling, we agree that 
these approaches could be a priori considered challenging in industry. However, electrochemical 
conversions are already widely used in a host of industrial-scale processes, including the production of 
many value-added organic and inorganic products. In the bioelectrochemical area, microbial fuel cells, in 
which electrons are transferred from bacteria to an anode, have found commercial applications in 
wastewater treatment. In the past year, researchers have efficiently scaled up an electrochemical cofactor 
recycling system from 4 mL to 500 mL and also showed that 5-L reactors can be readily achieved with 
larger electrodes. This work shows that scale-up could later be achieved, especially given the smaller 
reactor volumes associated with cell-free processes. Therefore, we believe the time is now to develop 
electrochemical processes for high-value, enzyme-catalyzed products. 
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A TWO-CHAMBER GROWTH AND PRODUCTION SYSTEM FOR 
ROBUST CONTINUOUS BIOPROCESSING 
Pow Genetic Solutions, Inc. 

PROJECT DESCRIPTION 
In the last century, the petrochemical industry has 
enabled the manufacturing of ubiquitous products 
that form the backbone of modern society, ranging 
from pharmaceuticals to everyday household goods. 
Petroleum-based processes, however, are 
unsustainable and contribute to global climate 
change. Biomanufacturing of renewable alternatives 
has largely not been able to compete on price, as the underlying production process, batch fermentation, has 
not changed in decades. The project team envisions a process that overcomes two major challenges of 
continuous fermentation—genetic drift and contamination—with an innovative bioprocessing method. This 
novel process will effectively solve these two problems by combining three emerging technologies: (1) the 
introduction of Jungle Express, a highly controllable and economical genetic switch technology that minimizes 
genetic drift and enables efficient decoupling of growth from production phases; (2) an economical biocide-
based resistance mechanism that prevents biological contamination during prolonged continuous fermentation; 
and (3) a two-chamber fermentation process. We will harmonize these technologies in a proof-of-concept 
process and take it to pilot scale for the biological production of Visolis’ bio-based platform molecule, a bio-
intermediate for a range of renewable products including monomers and polymers, solvents, and fuels. 

 

WBS: 2.5.6.201 

Presenter(s): Ouwei Wang 

Project Start Date: 10/01/2019 

Planned Project End Date: 12/31/2022 

Total DOE Funding: $2,468,821 
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Photo courtesy of Pow Genetic Solutions, Inc. 

COMMENTS 
• I appreciate and am encouraged with the project ideas and concepts. The novelty of strain engineering 

for biocide resistance allowing continuous fermentation will be a significant achievement. I agree that 
bioproducts through aerobic fermentation don't compete well economically and that the project’s 
solution could eventually be a viable pathway. Chlorite treatment was mentioned as a microbial control, 
as was Fermasure from DuPont. To be clear, Fermasure is chlorine dioxide, which is different than 
chlorite. Furthermore, chlorine dioxide resistance in organisms is well understood industrially. It is not 
clear how 83% fermentor CapEx reduction can be shown while the project plans on utilizing or requiring 
sterile fermentations. Continuous sterilization can be done at scale, although it is not being done cheaply 
at scale today. 

• Strengths: This project is investigating new methodology for continuous bioprocessing. At a high level, 
these efforts offer an opportunity for process streamlining and a reduction in CapEx, all of which will be 
reflected in the $/GGE value of biofuel. The focus of their project is the elimination of genetic drift and 
bioreactor contamination and construction of a novel two-stage continuous bioreactor to improve process 
efficiency.  

Areas for improvement: The presentation, unfortunately, is largely uninformative. A preliminary TEA is 
included, but the processes being compared and the assumptions used in the evaluation are not defined. 
Thus, it is not clear that this approach will have a significant impact on operating expenses. The PIs 
apparently do not have a large number of results to present, making it difficult to assess progress. Slide 
25 indicates that they do have a biocide-resistant strain but do not mention their target product. 
Mevalonolactone is mentioned in the abstract but not further discussed in the presentation. There is also 
no description of what markets the product will target, or their size. In general, the PIs emphasize the 
potential of their work, but really present very little in the way of hard data or results, making credible 
evaluation of the impact difficult. The actual amount of information pales in comparison to many of the 
other projects under review, giving a poor sense of what works and what doesn’t. 
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• The goal of this project is to demonstrate a flow-through fermentation system for the continuous 
production of a proprietary molecule at a rate of 2 g/L/h. The milestone for this system is to sustain this 
level of production for at least 72 hours. It is not clear from the project description what the rationale for 
the two-chamber system is. It is also not clear how the two-chamber system will be operated, so it is 
difficult to comment on the approach or impact of this project. The project has made progress on initial 
tasks but has been significantly delayed due to the COVID-19 pandemic. There are other projects within 
the BETO portfolio looking at flow-through systems, and there may be benefits of creating 
collaborations or communications with those teams. 

• The overall management plan and risk mitigation is in place with go/no-go milestones. Approach taken 
is interesting but needs further validation. Semicontinuous processing and continuous production of low-
value commodities is already done at commercial scale. Most of these suffer from reduced productivity 
over time with the selection of strains that are adapted to poor growth conditions. It is not clear how the 
approaches used will address that. Funding by BETO is useful in establishing feasibility, but it is still too 
early to gauge success and impact, as well as commercial potential. Use of biocide resistance presents a 
potential downside and needs to be addressed, as it will contribute to increased resistance to chlorine-
containing compounds in the environment from wastewater discharges. Special handling of chlorite (as 
salt or generated from chlorine dioxide gas) is required. Progress and outcomes are limited, as the project 
has slowed down due to the current pandemic. The turbidostat is operational, but there is still the need to 
optimize conditions where cell mass is in balance, so cell washout/cell death does not occur using a 
hydrolysate. It is not clear what the target platform molecule is. The commercial viability of the overall 
approach needs validation, and the key assumptions need to be reviewed. This is a high-risk project with 
questionable returns without additional validation. Results of testing using hydrolysate in turbidostat 
need to be demonstrated soon. No information is provided on the organism used. 

• This project was difficult to evaluate because no details were provided. The goal is to develop a two-
stage continuous fermentation process. However, the approach was unclear, entirely lacking in any 
detail, and the discussion was superficial. Few results were presented beyond previously published work 
not associated with this project. None appear to substantively advance the state of technology. Also, 
based on the presentation and discussion, the team appears to lack expertise in fermentation engineering 
and was unfamiliar with industrial practices.  

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their thoughtful feedback and comments. The biggest issue raised is the lack 

of detailed information in the presentation, which makes this project difficult to evaluate. We apologize 
for this problem; as for-profit entities, we have to be careful to not release proprietary information to the 
public domain that could hinder future patent applications. We also followed the instruction to not 
provide proprietary information, which unfortunately restricted our discussion of the rationale of the 
two-chamber system, the product's identity/market size, the potential impact of the work, and detailed 
data. We aim to revise our approach in future peer review and disclose as much data as possible without 
negatively impacting the intellectual property application. We further addressed each specific comment 
below.  

We agree with the reviewer and aim to biologically detoxify the chlorite (ClO2
-) to molecular oxygen 

and chloride before wastewater discharges. This was achieved by using a chlorite dismutase expressing 
E.coli at Pow. We do not expect to generate chlorine dioxide in our process.  

We agree with the reviewer concerning the turbidostat, and we are in an active investigation to optimize 
the conditions for the turbidostat. Fortunately, the biggest problem we are having now is that our strain is 
growing too fast/robust, and thus consumes more medium than we expected. We agree with the reviewer 
and aim to test using hydrolysate in the near future and determine the stability of our setup. 
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We intentionally kept the name of our platform molecule vague for intellectual property concerns. We 
apologize for the confusion. 

We respectfully disagree with the reviewer on the comment that the team appears to lack expertise in 
fermentation engineering and was unfamiliar with industrial practices. One sub-awardee, the Advanced 
Biofuels and Bioproducts Process Development Unit, part of Lawrence Berkeley National Laboratory, 
was established by DOE to help the industry to ramp up the bioeconomy. They had worked and scaled 
hundreds of industrial fermentation processes and provided intellectual support on this project, with a 
strong emphasis during the scale-up stage. In addition, Visolis had successfully scaled the 
mevalonolactone production used in this project to a 9,000-L demo scale. Pow Bio also has worked with 
multiple companies to date to explore the feasibility of (fed) batch and continuous production and 
process development. We do apologize for not making this background information clear in the 
presentation. 

We thank the reviewer for the comment on communications with other teams, and we would greatly 
appreciate the opportunity to connect with other teams and collaborate. 

We thank the reviewer’s encouragement and optimism on the project ideas and concepts. 

We thank the reviewer for this comment on chlorite treatment. Fermasure was brought up during the 
Q&A of the presentation to answer the question if the addition of chlorite will cause bleaching or 
oxidizing effect to nutrients in the production medium. Fermasure was mentioned as a use case to 
suggest the chlorite bleaching effect is not expected to happen. We agree with the reviewer that the 
active compound of Fermasure is chlorine dioxide. However, chlorine dioxide itself is a toxic, reactive 
yellowish-green gaseous compound above 11°C, and thus Fermasure-stabilized chlorine dioxide, which 
is sodium chlorite in basic buffer solution, is used and added to the fermenter. The stabilized chlorine 
dioxide is activated in situ by lowering pH, or acid-producing bacteria, the contaminants. More detail can 
be seen in the Dupont Fermasure intellectual property below. The stabilized chlorine dioxide may be 
provided as a solid material, such as a composition comprising an alkali or alkaline earth metal chlorite 
powder, inert ingredients, and optionally dry activator such as a dry acid. Preferably, the metal chlorite is 
an alkali metal chlorite; more preferably sodium chlorite.  

“Prevention of bacterial growth in fermentation processes,” section 6, US patent US9926576B2, DuPont 
US Holding LLC. The linked presentation below from Dr. Derrick Okull from DuPont also provides the 
technical detail of Fermasure, which states on slide 3: “Fermasure is a solution of 15–25 % Sodium 
Chlorite; Chlorine dioxide is formed under acidic pH conditions.” https://distillersgrains.org/wp-
content/uploads/2019/05/5-Okull-Stabilized-Chlorine-Dioxide-Fuel-Ethanol-Fermentation.pdf. We also 
would like to emphasize that we do not expect to generate chlorine dioxide in our system, as pH will be 
controlled and we rely on the activity of chlorite to inhibit the contaminants.  

We agree with the reviewer that continuous sterilization or sterilization is energy-intensive and 
expensive. The 83% reduction is compared with the original fed-batch case of Visolis’ current 
production process, which also requires sterilization; thus, sterilization was not a changed variable. 

  

https://distillersgrains.org/wp-content/uploads/2019/05/5-Okull-Stabilized-Chlorine-Dioxide-Fuel-Ethanol-Fermentation.pdf
https://distillersgrains.org/wp-content/uploads/2019/05/5-Okull-Stabilized-Chlorine-Dioxide-Fuel-Ethanol-Fermentation.pdf
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TOWARDS ECONOMICAL CELL-FREE ISOBUTANOL PRODUCTION 
Invizyne Technologies, Inc 

PROJECT DESCRIPTION 
Many bio-derived compounds could replace 
petroleum products if efficient bioproduction systems 
can be developed. Approaches with engineered 
microbes often fail to achieve stringent production 
metrics required for cost-competitive petroleum 
replacement. In an effort to break through biological 
barriers, Invizyne is developing cell-free 
bioconversion methods. Invizyne’s cell-free systems often exceed what is possible in cell-based systems. In 
one example, we achieved isobutanol productivity from pure glucose at >3.5 g L/h, titer of 275 g/L, and yield 
>90% over 100 hours. The goal of this project is to broaden substrate scope and lower costs by producing 
isobutanol from cellulosic glucose using inexpensive cofactors at productivity and titer nearly an order of 
magnitude higher than cell-based efforts. Incorporating cellulosic sugars and reengineering cofactor 
requirements of specific enzymes represent challenges that must be overcome. To this end, we have 
demonstrated significant isobutanol production from cellulosic sugar in addition to using cheaper cofactors. 
Overall, development of a highly efficient, long-lived cell-free process will have an impact on both industry 
and academia, causing many to rethink how biomanufacturing is performed and what types of bioconversions 
are possible when limitations of cells are removed from the equation. If successful, this project will greatly 
advance the metrics by which future cell-based and cell-free systems will be evaluated.  

 

WBS: 2.5.6.203 

Presenter(s): Tyler Korman 

Project Start Date: 10/01/2019 

Planned Project End Date: 12/31/2022 

Total DOE Funding: $2,078,605 
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Photo courtesy of Invizyne Technologies, Inc 

COMMENTS 
• Management team consists of a collaborative effort between Invizyne and James Bowie lab at the 

University of California, Los Angeles. Dr. Bowie is also a founder of Invizyne and has been affiliated 
with the company for over 10 years. One of his areas of expertise is synthetic biology and whole-
pathway protein engineering for fuels and chemicals using cell-free extract. Risks and mitigation are not 
addressed, but it maybe inherent in challenges listed. Cell-free synthesis of fuels and chemicals is a 
promising approach to the synthesis of fuels and chemicals. This is the primary approach used here, and 
it is being validated for the synthesis of isobutanol from glucose and cellulose fraction from a 
hydrolysate. Supporting this project is within scope of BETO's mission in enabling fuels and chemicals 
from cellulosic feedstocks. The technology, if shown to be robust enough and validated at a commercial 
scale with good economics, can be a game-changer. That impact is being recognized by leading 
scientific journals. The concept of cell-free synthesis using enzymes has been around for some time and 
has been used for a range of products (chemicals, pharmaceuticals, nutraceuticals, sweeteners, vegetable 
oil processing etc.). Whole-pathway synthesis presents a new challenge and opportunity but will take 
years to develop and validate. Progress and outcomes are promising and milestones have been provided 
and achieved. On the overall, the team could benefit from having an enzyme/cofactor supplier as a 
partner in this venture to achieve better biocatalyst cost structure, as it is identified as a major cost 
contributor. Having industrial partners can enable faster rapid deployment of technology and allows for 
greater leveraging of resources. It also brings in other areas of expertise that would be needed for scale-
up. It is not clear if NREL is preparing and providing hydrolysate and what the actual preparation 
method being used is. Is it enzymatic hydrolysis DMR? More information on the composition of 
hydrolysate and validation with a range of cellulose cakes from acid pretreatment is needed as well. Cell-
free synthesis offers several potential advantages over whole-cell systems. These advantages need to be 
demonstrated at scale. It is not clear why 500 g/L of isobutanol is the target. Does isobutanol impact cell-
free-synthesis enzymes? Enzymes inside whole cells are also operating free or within a compartment and 
are shielded from dehydrating agents and free radicals. Hydrolysates will be challenging that way. The 
recovery of end products is also assumed to be easier in absence of cells, but in the case of isobutanol is 
not straightforward. That requires that enzymes/cofactors be immobilized or encapsulated for ease of 
separation with end-product removal to enable recycling of enzymes. There is an added cost, as it 
requires barriers for ease of operation. TEA needs to assume real-world situations based on real-world 
experience where pH and temperature excursions are common. Most industrial commodity-scale enzyme 
operations are challenging at that scale. Contamination is common. The existing processes are run at 
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high enzyme loading and highest temperature at optimal pH. Better understanding of current processes is 
warranted prior to further development. Again, the team can be benefit from partnering with an enzyme 
company that has been developing industrial applications. I highly recommend to BETO having cell-free 
enzyme synthesis also reviewed by industrial end users and existing enzyme companies to ensure that 
further development and validation in this area can be commercially viable. It is also recommended 
narrowing scope of products to prioritize short-term, mid-range, and long-term deliverables. 

• Strengths: This appears to be a promising direction for improving chemical production by bioprocesses. 
The PIs point out that a properly designed cell-free approach can lead to higher TRY, and as an 
illustration, the project targets an impressive end-of-project milestone of 500 g/L isobutanol production, 
a 25-times increase over the best whole-cell approaches. The project reports good previous results—for 
example, titers with 10-times higher values, and the ability to use/recycle cofactors that are much 
cheaper. The concept of making bioconversions perform more like chemical reactions is a compelling 
justification of the work. The PIs’ initial work has resulted in publications in high-impact journals, 
highlighting its potential. Most of the key tasks in the project have met or exceeded the desired targets. 
The presentation of actual results is a little sparse, but they indicate at a high level that all milestones are 
being accomplished or are on schedule. Importantly, they indicate that glucose in a cellulosic hydrolysate 
is almost as good as pure glucose, which is consistent with the concept of making this approach behave 
more like a chemical transformation.  

Areas for improvement: The potential impact of this work suffers because no comparative TEA is given 
for bio-isobutanol vs. conventional production. This would be an easy comparison to make given the 
availability of TRY information, and thus its omission is surprising. Further, the process costs for 
generating enzyme, its isolation, etc., is missing. This could be a significant cost contributor and needs to 
be a central part of the project’s effort. It would be useful to have an idea of the PIs’ plan for 
transforming a wider slate of biorefinery sugars—glucose, xylose, and arabinose mixtures—as described 
in other presentations. 

• The goal of this project is to demonstrate the use of cell-free systems for production of isobutanol at 
titers and productivities higher than what can be accomplished using microbial cultures. The milestones 
appropriately target titers that are much higher than titers obtained with live cultures, which is one of the 
potential benefits of using cell-free systems for biofuel production. The project appears to be on track 
and making steady progress. The team has demonstrated isobutanol titers as high as 275 g/L from pure 
glucose and isobutanol production from real lignocellulosic hydrolysates (titers reported without scale, 
so it is not known what current titers are with hydrolysates). This project will benefit from some level of 
interaction with other BETO projects working on cell-free demonstrations, and from TEA and LCA of 
the developed cell-free technology. 

• The goal of this project is to make cellulosic isobutanol using a cell-free system. These systems provide 
a powerful technology for producing biological molecules without the challenges associated with living 
systems, a key one being product toxicity. However, it is still unclear whether this technology can be 
economically scaled. The team acknowledged this issue and is clearly aware of the challenges. However, 
the answer will be unknown until someone tries. Aside from general concerns about cell-free systems, 
the team is making outstanding progress and achieving remarkable results. No concerns were noted. 
Overall, this is an exciting project and provides a well-justified bet within the BETO portfolio on a 
promising technology. 

• The project theory of cell-free biotransformation is really exciting, and I agree that eventually these will 
be real conversion alternatives. I am encouraged with this project’s concept and approach. The 
aggressive claim of "By the end of the Project we will have a cell-free system that outperforms any 
previous microbial system for the conversion of a biofuel from cellulosic feedstock" is a radical 
statement, and one I feel is actually achievable with this project in relative terms. The project appears to 
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be on schedule and well situated for meeting or surpassing the defined metrics. The goal of 500 g/L 
isobutanol at good productivity and a reasonable scale is lofty, but again, progress towards that is on 
track. The cofactor recycling system is a paramount platform feature—similarly will be cofactor 
generation. More detail or clarity regarding cofactor production and costs would be helpful. 

PI RESPONSE TO REVIEWER COMMENTS 
• We would like to thank the reviewers for their careful and considerate evaluation of this project and their 

recognition of the large potential impact of cell-free enzyme systems to produce chemicals in the future. 
We are particularly excited about results where isobutanol was produced using sugars derived from 
enzymatic hydrolysis DMR corn stover provided by NREL. Because we are using stable enzymes, the 
system is much more stable to the isobutanol produced as well as to inhibitory compounds within a 
hydrolysate. This is the power of cell-free biocatalysis. We appreciate the suggestions to establish 
partnerships and establish robust sources of enzymes and cofactors to reduce costs and ensure a 
sustainable pipeline of input materials, and we are actively evaluating potential options. Other advances 
that may also enhance system performance such as immobilization and product separation strategies are 
also being evaluated with the help of collaborators at NREL. While perhaps outside of the scope of this 
project, additional technologies that enhance the performance of cell-free biocatalysis is an active area of 
study. Finally, as we hone the cell-free process from a technical standpoint, we continue to evaluate and 
incorporate new information from vendors, collaborators, and experimental results into a TEA that can 
help identify additional areas for improvement. We also agree with the reviewers that as the technology 
matures, a detailed TEA is essential to identifying products that can be commercially viable in the short, 
medium, and long term given the state of cell-free technology and the advances being made. 
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INTRODUCTION 
The Catalytic Upgrading Technology Area is one of 12 technology areas that were reviewed during the 2021 
Bioenergy Technologies Office (BETO) Project Peer Review, which took place virtually March 8–12, March 
15–16, and March 22–26, 2021. A total of 20 presentations were reviewed in the Catalytic Upgrading session 
by five external experts from industry, academia, and other government agencies. For information about the 
structure, strategy, and implementation of the technology area and its relation to BETO’s overall mission, 
please refer to the corresponding Program and Technology Area Overview presentation slide decks: 
https://www.energy.gov/sites/default/files/2021-04/beto-06-peer-review-2021-plenary-craig.pdf and 
https://www.energy.gov/eere/bioenergy/2021-project-peer-review-catalytic-upgrading. 

This review addressed a total U.S. Department of Energy (DOE) investment value of approximately 
$45,920,419, which represents approximately 6.94% of the BETO portfolio reviewed during the 2021 Peer 
Review. During the Project Peer Review meeting, the presenter for each project was given 20–65 minutes to 
deliver a presentation and respond to questions from the Review Panel.  

Projects were evaluated and scored for their project management, approach, impact, and progress and 
outcomes. This section of the report contains the Review Panel Summary Report, the Technology Area 
Programmatic Response, and the full results of the Project Peer Review, including scoring information for 
each project, comments from each reviewer, and the response provided by the project team.  

BETO designated Mr. Trevor Smith and Dr. Sonia Hammache as the Catalytic Upgrading Technology Area 
review leads, with contractor support from Mr. Jesse Glover (Boston Government Services, LLC). In this 
capacity, Mr. Smith and Dr. Hammache were responsible for all aspects of review planning and 
implementation. 

 

CATALYTIC UPGRADING REVIEW PANEL 
Name Affiliation 
Dr. Jesse Bond* Syracuse University 

Dr. Terry Mazanec Independent consultant (prior Velocys, BP) 

Dr. Cory Phillips Phillips 66 

Dr. Jeffrey Scheibel Independent consultant (prior Procter & Gamble) 

Dr. Qing Shao University of Kentucky 

* Lead Reviewer 
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CATALYTIC UPGRADING REVIEW PANEL SUMMARY 
REPORT  
Prepared by the Catalytic Upgrading Review Panel 

INTRODUCTION 
The Catalytic Upgrading Technology Area focuses on developing process design strategies for the conversion 
of biogenic carbon (e.g., bio-oils, pyrolysis oils, lignin, sugars, and various bioprocess intermediates) or 
atmospheric carbon (i.e., carbon dioxide, CO2) into heat, power, transportation fuels, and chemical 
commodities. Technologies within this portfolio are united by their use of catalytic surface chemistry, with the 
bulk of the projects relying on heterogeneous (solid) catalysts to facilitate vapor-phase and/or liquid-phase 
transformations of biogenic, carbon-rich feedstocks. All research is directed toward reducing the minimum fuel 
selling price (MFSP) below $3 per gallons gasoline equivalent (GGE) in various process technologies. 
Innovation typically centers on the cycle of catalyst design, synthesis, characterization, and application. 
Specifically, continuous improvement efforts are directed toward understanding the performance of the current 
generation of catalysts during a development cycle and leveraging the knowledge gained to design the next 
generation of catalysts and processes in the new cycle. In this way, the Catalytic Upgrading Technology Area 
is accelerating the development and deployment of heterogenous catalytic materials and catalytic processes to 
address challenges in energy and resource sustainability, in line with the vision of the Materials Genome 
Initiative. 

Attaining MFSP levels of $3/GGE is the 2022 target for projects in this technology area; in general, achieving 
this level of approximate cost parity with conventional, petroleum-based fuels is a grand challenge for the 
field. Progress made toward this goal by the Catalytic Upgrading Technology Area is noteworthy. Projects 
herein have systematically and continuously reduced MFSP estimates since their inception. This has been 
accomplished through two broad thrusts. The first thrust includes efforts that decrease residence times (reactor 
size), improve catalyst stability, and intensify processes. These efforts directly reduce capital expenditures 
(CapEx) and operating expenditures (OpEx) associated with the production of biofuels. The second thrust 
includes research aimed at producing high-value chemicals from sugars or underutilized lignin. These efforts 
generate coproduct revenue, which helps to make biofuels cost-competitive in the near term. All advances in 
these two thrusts have been facilitated by the development of better catalysts and intensified processes that 
utilize them. 

Individual research programs within the Catalytic Upgrading Technology Area are diverse in scope; however, 
all are united in their focus on heterogeneous catalysis and their goal of reducing the MFSP for alternative 
transportation fuels. Projects are selected based on their potential for reducing the cost of biofuel production, 
and research ventures within each project are determined by the specific technology demands in that area. 
Broadly speaking, programs are pursuing relevant and impactful work across the board. As an example of 
domain-specific research, reactor technologies for upgrading bio-oils produced through catalytic fast pyrolysis 
(CFP) generally seek to produce hydrocarbon fuels. This forces them to compete in a low-margin 
transportation fuels sector; accordingly, minimizing the cost of catalysts is critical to achieving favorable 
process economics. With this in mind, it is appropriate that the CFP program has a strong focus on reducing 
noble metal utilization and improving catalyst durability. In contrast, selectivity control is often a more critical 
issue in the production of high-value products, such as 2,3-butanediol (BDO) or triptane (isooctane); hence, 
efforts in these areas focus on tuning specificity through the development of selective materials and operating 
conditions. A key feature of this portfolio is that many of its technologies have matured to the point where they 
could be transitioned to the pilot scale, so process systems integration is a crucial focus area. Specifically, 
catalytic processes in a downstream unit are often critically impacted by the carryover of upstream impurities, 
and it is appropriate that these programs—such as the furan-based platform within the Catalytic Upgrading of 
Biochemical Intermediates (CUBI)—are increasingly working on process integration within this technology 
area and through their interface with the separations consortium. This interface with separations is critically 
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important for two reasons. First, upstream separation efficiency dictates purity specifications in feeds to the 
catalytic processes in this portfolio. Second, selectivities attained in processes developed in the Catalytic 
Upgrading Technology Area determine the extent of downstream separation and purification. In general, the 
more selective a catalytic process is, the less costly the downstream purification will be.  

Various funding mechanisms are at work in this technology area. Projects are supported as part of the annual 
operating plan (AOP), through directed funding award (DFA) projects, and through funding opportunity 
announcements (FOAs). AOP projects comprise 75% of the portfolio. They represent core research programs 
at DOE national laboratories, and they span a large set of technologies that range from foundational science to 
translational efforts, along with crosscutting, enabling initiatives. DFA projects directly engage the private 
sector. This allows industry partners to leverage facilities and expertise at the national laboratories, which 
brings leading-edge research to bear on problems of current industrial relevance. Finally, FOA programs 
engage various external partners and provide an avenue for academic institutions to contribute toward reducing 
MFSP for bio-based fuels. Often, this is accomplished by pursuing high-reward, lower-technology-readiness-
level (TRL) strategies that stand to significantly contribute toward BETO goals over the long term by feeding 
the BETO research-and-development (R&D) pipeline with fresh innovation. Within this framework, projects 
are further divided into core technology areas, enabling capabilities, and crosscutting support. The core 
technology areas house specific research programs directed at a particular challenge in alternative carbon 
utilization, enabling consortia aggregate infrastructure and capabilities that are of broad interest to the 
individual core technology areas, and they provide support as needed to solve a wide variety of programs 
throughout the portfolio. Finally, crosscutting support includes the Chemical Catalysis for Bioenergy 
Consortium (ChemCatBio) leadership, offering management of all projects within the consortia, and the 
ChemCatBio Data Hub, which is aggregating computational data in support of catalyst design initiatives. 

STRATEGY 
The Catalytic Upgrading Technology Area has a clear focus on reducing MFSP for biofuels or CO2-derived 
fuels using catalytic processes, and techno-economic analysis (TEA) is front and center throughout. 
Programmatically, the strategy for reducing MFSP for biofuels is to reduce CapEx and OpEx through the 
design and synthesis of better catalysts. Tandem development of technologies that valorize lignin and produce 
high-value coproducts further decreases production costs.  

Utilization of alternative, oxygen-rich carbon sources—biomass or CO2—for the production of fuels and 
chemicals is challenging. Success will require a diverse set of technologies that are able to accept a variety of 
feedstocks and produce a spectrum of high-value (chemicals) and high-volume (fuels) products. Collectively, 
the Catalytic Upgrading Technology Area provides comprehensive coverage to the topics of relevance in 
alternative carbon utilization. Although the research needs in each program are unique and specific to that 
program, all of the efforts and technical targets therein contribute directly toward the programmatic goals of 
reducing MFSP to $3/GGE. This is appropriate considering the upcoming BETO go/no-go verification, which 
targets the production of biofuels at $3/GGE by 2022. 

Engagement with industry and stakeholders is one of the strongest aspects of the Catalytic Upgrading 
Technology Area. Research directions are guided by input from a diverse, 10-member industry advisory board 
(IAB), with representatives from the energy, transportation, and commercial materials sectors. The IAB has 
been active in steering the portfolio in productive directions. Further, the program managers and project 
leaders have been responsive to prior input from peer reviewers. For example, peer reviewers in 2019 
commented that an increased focus on high-value coproducts may be appropriate, and recent directions aimed 
at C4 products, such as BDO and high-octane gasoline additives, are responsive to this. In addition, 2019 
reviewers highlighted the strength of DFA projects and the potential benefits of having them leverage enabling 
consortia. It was, therefore, appropriate to see an expanded set of DFA opportunities in the 2021 Peer Review 
and increased connections among DFA programs, the Advanced Catalyst Synthesis and Characterization 
(ACSC), and the Consortium for Computational Physics and Chemistry (CCPC).  
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Within individual projects, examples of engagement with industry and stakeholders abound. By their nature, 
all DFA projects directly engage industry in defining research directions, but this is not the only example. 
Within the AOP portfolio, there is overarching IAB input, and one can point to specific connections between 
industry and AOP projects. The CCPC, for example, is engaging with CanmetENERGY to model industrial 
biomass combustion facilities, which speaks to the direct applicability of the multiscale modeling efforts 
therein. In addition, efforts toward standardizing the characterization of feedstocks and pyrolysis oils through 
the development of ASTM methods have resulted from continuous engagement with commercial partners and 
stakeholders working in the area of fast pyrolysis.  

It is also worth highlighting some particularly impressive connections with stakeholders in the FOA projects. 
The chemical-looping gasifier project at The Ohio State University (OSU) is working with Nexant, Shell 
Global Solutions, the Commercial Aviation Alternative Fuels Initiative, AdvancedBio, Kurtz Brothers, and 
Peloton. Further, the team at North Carolina State University (NCSU) is working with the National Renewable 
Energy Laboratory (NREL) and multiple paper mills to provide avenues for the valorization of paper-waste 
sludge. Their direct interaction with paper mills provides critical knowledge surrounding the demands of their 
target industry as well as the feed specifications that they should anticipate in working with real paper waste as 
a feedstock. Finally, the biogas upgrading project (University of South Florida, USF) is engaging directly with 
multiple regional biogas producers, again providing critical input from potential off-takers and guiding the 
development of the technology. Overall, the research directions and the evolution of the Catalytic Upgrading 
Technology Area represent clear, constant communication with IABs and stakeholders. 

There are no clear gaps in technology or methodology in this program. The Catalytic Upgrading Technology 
Area gives comprehensive coverage to the various, broad technologies that comprise upgrading CO2 or 
biogenic carbon, and all efforts are appropriately aimed toward reducing MFSP for biogenic fuels.  

The Catalytic Upgrading Technology Area is making appropriate use of available funding mechanisms. AOP 
projects comprise most of the catalytic upgrading portfolio, which allows the program to capitalize on 
infrastructure and, importantly, orient the large team of well-trained scientists at DOE national laboratories 
toward their goals of reducing MFSP for alternative fuels. No doubt, the long-term support enabled through the 
AOP mechanism underlies the steady, continuous progress displayed in core research areas throughout the 
technology area. Along these lines, the continuous support provided through the AOP mechanism has 
produced world-class capabilities in enabling consortia, such as the ACSC, the CCPC, and the Catalyst 
Deactivation Mitigation for Biomass Conversion (CDM) programs. It is difficult to imagine funding these 
expansive and far-reaching consortia outside of the AOP framework. These crucial programs support nearly 
every core technology area, and the vast majority of foundational science in catalysis and reaction engineering 
comes from these programs. Similarly, the ChemCatBio Data Hub is a unique resource that provides large-
scale access to computational data from diverse sources—this type of meta-project is really only possible 
through the stable, continued support offered within the AOP framework. 

DFA projects are unique in that they forge partnerships between industry and national labs in order to solve 
problems that currently impede commercial deployment of biofuels and bio-based chemicals. These projects 
bring fundamental research capabilities, critical expertise in catalysis science, and the massive research 
infrastructure of national laboratories to bear on problems of current commercial interest. It is hard to imagine 
a better way to foster technology transfer and scale-up than engaging directly with companies trying to bridge 
to pilot and demonstration scales; as such, DFA projects are an excellent fit for BETO and the greater Office of 
Energy Efficiency and Renewable Energy (EERE) portfolio. As an example, in the CO2 upgrading project 
(Opus 12), clear technological challenges are identified that prevent near-term commercial deployment of the 
electrolyzer stacks: high metal costs due to large particle sizes and failures in the electrolyzer membranes. By 
partnering with NREL, Opus 12 was able to leverage advanced synthesis and characterization capabilities (via 
ACSC) to reduce particle sizes and develop a facile, spectroscopic method for detecting failures in electrolyzer 
membranes. 
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FOA projects also provide an important perspective in the BETO catalytic upgrading portfolio. Specifically, 
they frequently engage academic institutions, which are well positioned for basic science and bench-scale 
exploratory work. In this sense, FOA projects are an excellent way for BETO to include relatively high-risk, 
lower-TRL projects in their portfolio. In the interest of the long-term, sustained development of bio-based 
technologies, it is crucial to continuously introduce new technologies to the development pipeline, and, in 
many cases, FOA projects are serving this purpose. For example, the team at the University of Tennessee 
working on a valerolactone-centered fractionation strategy has developed new technologies to convert lignin 
into high-quality, very high-value materials, such as supercapacitor-grade carbon. Preliminary analysis 
suggests that these types of lignin-based coproducts may be able to reduce MFSP for alkene-based biofuels to 
below $3/GGE. Considering that lignin valorization is a perpetual challenge for biomass refining, this is 
potentially a substantial impact. Alternatively, the biogas upgrading project at USF proposes an innovative, 
bifunctional core-shell catalyst to facilitate methane reforming and Fischer-Tropsch synthesis (FTS) within a 
single pellet, offering considerable intensification compared to a classic reforming/Fischer-Tropsch 
technology. Although it is early stage and relatively high risk, it has considerable potential for impact; thus, it 
represents an important component of BETO funding and the catalytic upgrading portfolio. 

STRATEGY IMPLEMENTATION AND PROGRESS 
Everything in this technology area is making clear contributions toward the programmatic goal of reducing 
MFSP for alternative fuels below $3/GGE by 2022. Individual technologies are diverse, but this is appropriate 
because there are innumerable challenges facing the production of biogenic fuels. Ultimately, successful 
biorefineries will need to draw from a robust and comprehensive technology portfolio. The Catalytic 
Upgrading Technology Area seems mindful of this, and they have constructed and continue to develop their 
research programs accordingly.  

It is hard to identify a single project that is more relevant toward this goal because all are making outstanding 
contributions; however, we highlight contributions of the ACSC, the C1 team, the CDM program, and the 
CUBI program. Regardless of the specific technology, the ACSC team is always at the core of the design-
development cycle. Their work continues to provide foundational knowledge of structure-property relations, 
and their approaches are, in many ways, leading the field in catalyst design. Impressively, they leverage a basic 
understanding of catalysis science to facilitate the design of next-generation materials, and their impact within 
the technology area cannot be understated.  

Catalyst deactivation is a grand challenge throughout heterogeneous catalysis. The problem is particularly 
acute in biomass upgrading, where one must contend with high water content, high oxygen content, and 
impurities. The former is detrimental to the stability of the crystalline materials typically favored in oil refining 
(i.e., zeolites), and the latter can contribute both to surface oxidation and to coke formation. Lack of durability 
generally results in larger catalyst loadings, increased regeneration frequency, and, potentially, a shorter time 
between turnarounds. All of this increases operational cost and complexity as well as the capital investment 
required for a technology. For this reason, catalyst durability is a critical factor in determining the MFSP, so it 
is important that we understand catalyst deactivation and either develop new, more robust materials or envision 
better regeneration protocols. This is a major challenge in process integration, where one must contend with 
impurity carryover, and it is becoming increasingly important to address this aspect of catalyst durability as we 
move ever closer to pilot- and demonstration-scale facilities. Unfortunately, there is a critical knowledge gap in 
our understanding of catalyst stability, particularly when processing biogenic carbon. In this respect, the CDM 
program plays a crucial role in facilitating the next stage in commercial development. Given the scope of this 
challenge, and the ubiquity of catalyst deactivation in biomass refining, it may be worth considering further 
expansion of the CDM program through the allocation of additional resources. 

The C1 program is noteworthy because it is providing a strategy for converting syngas directly to branched 
alkanes. This differs from conventional oligomerization-based strategies, which tend to produce aromatic-rich 
blends in the gasoline range. The selectivity to triptane achieved in this system is remarkable, and it represents 
an important development because high-octane gasoline additives may command a premium compared to base 
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gasoline blends; as such, this program is likely in a good position to provide a near-term path to market via the 
production of high-octane gasoline additives.  

Finally, the CUBI program is making important contributions in this area. CUBI is a large project that covers 
nearly every aspect of biomass upgrading that does not involve thermochemical processes (gasification, 
pyrolysis), so the research herein is broad; however, they are a critical component of the program because they 
are the only group in the AOP portfolio that is pursuing fractionation-based technologies. This is important 
because fractionation-based approaches allow one to isolate sugar monomers and lignin; as such, they allow 
for selective upgrading to specific molecules. For this reason, fractionation is the preferred starting point for 
the production of fine and specialty chemicals. Although fractionation-based methods are generally more 
expensive than those that use thermal methods to deconstruct biomass (e.g., pyrolysis, gasification), they offer 
opportunities for selective products, which can often be sold at a higher price than blends such as pyrolysis oils 
or fuels obtained by hydrotreating pyrolysis oils.  

The Catalytic Upgrading Technology Area may well represent the leading edge of research in biomass 
upgrading. There are numerous examples of impactful projects, but it is also worth commenting that the 
program has an excellent management structure and portfolio scope, and, in many cases, they are establishing 
what should be considered best practices for research in biomass upgrading.  

From within the AOP portfolio, the ACSC offers world-class capabilities in design, synthesis, and 
characterization, and they are unique in that they are enabling applied research goals through fundamental 
research into material properties and by advancing catalysis science at a very basic level. Although the CFP 
project is shifting scope to focus on refinery blendstocks, it is worth acknowledging that this team has set the 
state of technology (SOT) for pyrolysis research for the past 5 years, and they have developed what most 
consider to be the benchmark system for upgrading pyrolysis oils—platinum (Pt)/titanium dioxide (TiO2), 
external fixed bed. The CCPC is doing outstanding work across the board, but one particularly impressive area 
is their advancement of the reaction engineering discipline through modeling and multiscale simulations. It is 
noteworthy that they have leveraged this skill set to anticipate the performance of full-scale reactors used for 
biomass combustion. The ChemCatBio Data Hub is constructing important cyber infrastructures for catalyst 
discovery. The effort to streamline inputs and allow for diverse data origins through user uploads is 
commendable. This should go a long way toward the data-driven design of catalysts and processes. The 
Thermochemical Platform Analysis provides crosscutting support in TEA and life cycle assessment (LCA), a 
critical component of new technology development. The methodologies and techniques that they have 
developed embody current best practices in TEA, so they are likely the standard bearers in this area. The CUBI 
program has made strides toward developing a BDO platform. This is a relatively novel direction for 
fractionation-based upgrading approaches. The BDO itself is produced through a metabolic pathway and may 
have considerable value as an industrial solvent; in addition, if it can be produced at appropriate cost and 
volume, it is an interesting platform chemical that could be used for the downstream production of fuels and 
chemicals that offer different properties from those derived from existing bio-based platforms—ethanol, 
hydroxymethylfurfural (HMF), and levulinic acid. Finally, the DFA project with Opus 12 is poised to enable 
direct conversion of waste CO2 (e.g., fermentation, combustion off-gas) into fuels and chemicals using 
electrochemical methods, which are becoming increasingly attractive with the availability of green electricity. 
This collaboration has resulted in the development of viable electrolyzer stacks that are able to convert CO2 
into a spectrum of products. 

The technology area is well positioned considering both near-/mid-term programmatic targets and the long-
term needs of the field. With respect to the near-term goal of achieving an MFSP of $3/GGE by 2022, several 
technologies are showing great potential. In particular, the C2 upgrading platform at Pacific Northwest 
National Laboratory (PNNL) can deliver ethanol-based distillate fuels at $4.06/GGE without coproduct credits. 
They have mapped a strategy for reducing that number by an additional $0.48, and they can include n-butene 
as a coproduct, resulting in a final MFSP of $3.16, which is very close to the 2022 target. Further, their 
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technology clearly produces a viable aviation fuel, as demonstrated by LanzaTech, which licensed this 
technology and partnered with Virgin Airlines for a demonstration flight on bio-based jet fuel in 2018.  

A parallel C2 upgrading project at Oak Ridge National Laboratory (ORNL) has also been successful. They 
have reduced ethanol upgrading costs from $1.35/GGE to $0.60/GGE using a zeolite-based technology. 
Impressively, the platform has already been licensed by Prometheus and Vertimass to produce distillate/jet 
fuels. It is also worth noting that the ORNL process enables the flexible coproduction of butadiene—
specifically, the team has demonstrated tunable selectivity through relatively straightforward manipulation of 
hydrogen (H2) partial pressure in the reactor. Butadiene is an intriguing coproduct, considering that its supply 
has been somewhat constrained by the recent decline in naphtha cracking. It is a relatively high-value product 
compared to distillate fuels, so the ability to produce it in targeted quantities through the manipulation of 
operating conditions is attractive. Finally, with a three-step dimethyl ether (DME) to high-octane gasoline 
process, the C1 program was able to attain an MFSP of $3.53/GGE, with the potential to improve further as 
2022 approaches and they bring a direct syngas-high-octane-gasoline technology online. Even if they see 
further improvement from their current $3.53 benchmark, it is worth pointing out that they are selectively 
producing triptane, which is a higher-value additive than a conventional gasoline, so $3.53/GGE is already an 
attractive MFSP for this product.  

The portfolio also includes some lower-TRL work, which is less likely to meet a $3/GGE target in 2022; 
however, these new directions are leading to the discovery of new platform chemicals and new families of fuel 
and/or chemical products that are potentially accessible from biomass. Much of the work in the CUBI portfolio 
falls into this category. For example, they are now producing 2,3-BDO using fermentation. BDO may have 
considerable value as a solvent or chemical commodity. Alternatively, it is a polyfunctional intermediate that 
opens the door to downstream chemistries that have not been accessible through upgrading the conventional 
suite of bio-based platform chemicals.  

As a final note, this technology area supports innovative work in catalyst design, such as the biogas upgrading 
project housed at USF. This program is developing an entirely new class of materials designed to couple 
reforming and Fischer-Tropsch in a single pellet. If successful, they could considerably reduce the footprint 
and CapEx typically associated with synfuels. Further, they are positioning themselves to convert biogas—
comprising two greenhouse gases (CO2 and methane [CH4]) into liquid fuels, which is preferable to the direct 
methane emission that is often associated with unutilized biogas. 

At the project level, management is generally well defined, and projects adhere to their stated goals. 
Management for this program really shines, however, in the enabling technology consortia (ACSC, CDM, 
CCPC) and crosscutting support areas (ChemCatBio, Data Hub). These are large initiatives, and the leadership 
must manage projects or portions of projects across the entire technology area. Although the AOP supports a 
diverse set of research projects, everything within is tightly integrated, and all projects are in joint pursuit of a 
single goal. As an example, TEA work is housed primarily within the Thermochemical Analysis Project, but 
this group connects with and guides research for nearly every project within the technology area. Similarly, the 
CCPC, CDM, and ACSC performers have strong ties to every program that they support. Overall, each 
performer presented a clear, coherent, and consistent research program, and everyone is tracking closely to 
real-world deliverables despite the size of the program and the foundational knowledge they are generating 
along the way. All of this requires excellent management, constant communication, and coordination between 
the individual project managers, the managers of supporting consortia, and the technology area leadership. 
Overall, the Catalytic Upgrading Technology Area sets a great example for how to properly manage large 
research programs.  

RECOMMENDATIONS 
First, high-value chemicals and materials have the clearest near-term path to market; accordingly, the program 
is encouraged to increase its focus on ancillary technologies for producing high-value chemicals alongside core 
technologies that focus on producing high-volume fuels. Second, catalyst stability remains problematic across 
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the entire portfolio, and challenges presented by deactivation are likely to increase as technologies continue to 
mature and move toward process integration. Expanded access to ACSC and CCPC capabilities during the past 
decade has benefitted the entire portfolio. Along these lines, it would be prudent to expand the scope of the 
Catalyst Deactivation Mitigation program such that they can more effectively support efforts in process 
integration. Third, eventual full-scale deployment of these catalytic technologies will require a transition to 
relatively large and formed catalyst pellets as opposed to the powders more common to bench-scale research. 
Mindful of this, the program is encouraged to develop strategic partnerships with catalyst manufacturers to 
begin the process of scaling up next-generation materials. 

 

 

CATALYTIC UPGRADING PROGRAMMATIC RESPONSE 
INTRODUCTION 
The Conversion R&D Program would like to thank the five Catalytic Upgrading session reviewers for their 
time and careful review of the projects presented in this session. We recognize that this was a challenging 
review process within the context of the multiple virtual concurrent sessions, making it difficult to see the 
broad reach of the entire Conversion R&D Program. 

BETO appreciates the Review Panel’s recognition of the successes of consortium-based research, acceleration 
of the catalyst design cycle, and systematic reduction of modeled MFSP estimates through catalyst 
performance improvements, process intensification, and production of high-value coproducts. Additionally, the 
Review Panel recognized the critical importance in leveraging the unique strengths of the consortia while 
funding industry partners in moving technologies toward commercialization. The Review Panel noted that 
there were no specific gaps in technology or methodology within the technology area, and it is making 
appropriate use of available funding mechanisms. BETO is especially appreciative that the panel noted that the 
long-term support of the DOE national labs and ChemCatBio has produced world-class capabilities in enabling 
activities, and these programs have had far-reaching results. In particular, the DFA projects have linked 
industry partners with the enabling programs to address barriers to commercialization, thus demonstrating real 
market impact. Similarly, BETO will continue to focus on real-world challenges within catalysis by leveraging 
high-performance computing to model catalysts and reactors while targeting process integration and 
intensification with a focus on de-risking technologies for future development efforts. BETO intends to 
continue to support industry partners by leveraging national lab capabilities through the various consortium 
national laboratory-led projects, DFAs, and competitive funding opportunities.  

The Review Panel stated that as the specific technology pathways within the technology area continue to 
mature, process integration and systems integration will be a critical focus area. The Conversion R&D 
Program agrees and will continue to pursue R&D that further de-risks these technologies to sufficiently move 
up the TRL scales where industry can support further development and commercialization efforts. Although 
the Review Panel identified some technologies that have potential to go on to pilot scale-up activities, note that 
these efforts are largely funded by the Systems Development and Integration program, which cannot fund all 
technologies and pathways without industry support. 

Recommendation 1: High-value chemicals and materials have the clearest near-term path to market; 
accordingly, the program is encouraged to increase its focus on ancillary technologies for producing 
high-value chemicals alongside core technologies that focus on producing high-volume fuels. 
BETO acknowledges the importance of high-value coproducts that can enable biofuel production. TEA work 
continues to show the importance of leveraging high-value chemical production alongside fuels, and these 
analyses are being utilized to guide experimental R&D efforts because many of these approaches are still at an 
early- to mid-stage development, with additional de-risking R&D necessary to achieve commercialization 
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goals. TEA methodology will continue to focus on both separately and combined technology related to fuels 
and coproducts while making clear the assumptions and associated risks. This work has allowed for increased 
understanding of how specific coproduct technologies can be integrated into various systems, improving 
commercialization potential for fuel production. Although the majority of projects reviewed within this session 
are focused on hydrocarbon production, the Performance Advantaged Bioproducts Consortium is in its third 
year of activities and has the stated mission of exploiting biomass properties for higher-value chemicals that 
could support near-term commercialization efforts; unfortunately, the reviewers were not able to attend these 
sessions due to the concurrent scheduling. 

Recommendation 2: Catalyst stability remains problematic across the entire portfolio, and challenges 
presented by deactivation are likely to increase as technologies continue to mature and move toward 
process integration. Expanded access to ACSC and CCPC capabilities during the past decade has 
benefitted the entire portfolio. Along these lines, it would be prudent to expand the scope of the Catalyst 
Deactivation Mitigation program such that they can more effectively support efforts in process 
integration. 
BETO recognizes the critical importance of catalyst deactivation and mitigation approaches; the CDM project 
has made considerable progress in its first 2 years. BETO’s support of this project has resulted in the 
development of a broader understanding of deactivation pathways related to core technology pathways within 
ChemCatBio that could be applied to new catalyst materials and properties as they are developed. 
Additionally, the results of CDM’s work have emphasized what the Review Panel has mentioned regarding the 
importance of understanding deactivation pathways as they relate to process integration. Already, this project’s 
findings have led to new analytical and characterization techniques that have informed mitigation strategies 
related to catalyst regeneration and other potential deactivation pathways. BETO recognizes that any projects 
involving catalytic research must include deactivation and mitigation components that are tailored to the 
individual technologies and will continue to require milestones that target these areas. Additionally, BETO will 
continue to leverage learnings from ChemCatBio for the best practices of incorporating R&D that include 
catalyst deactivation and mitigation approaches for future funding opportunities.  

Recommendation 3: Eventual full-scale deployment of these catalytic technologies will require a 
transition to relatively large and formed catalyst pellets as opposed to the powders more common to 
bench-scale research. Mindful of this, the program is encouraged to develop strategic partnerships with 
catalyst manufacturers to begin the process of scaling up next-generation materials. 
BETO acknowledges the challenges catalyst manufacturers face in terms of the design and synthesis of novel 
catalysts. An additional hurdle is that existing catalysts may also contain cost-prohibitive materials. The 
Systems Development and Integration Program supports the Engineering of Catalyst Scale-Up project (WBS 
3.3.2.701/702), which facilitates the transition from lab-scale catalyst formulations (powdered catalysts, 
colloidal nanoparticles, etc.) to extrudates and pellets that are crucial to industrial scales and demonstration 
efforts. This project also leverages a diverse industry board to guide scale-up efforts and maintain relevant 
targets, methodologies, and performance metrics. Further, BETO’s Catalytic Upgrading Technology Area 
supports this work through robust computational modeling and validation efforts that can predict reaction 
mechanisms, deactivation, and performance under different operating conditions. R&D results from this work 
have also been leveraged in the CFP project, which utilized engineered catalysts in recent experimental tests 
that have validated several important performance assumptions related to product yield, catalyst lifetime, and 
regeneration. Further, members of ChemCatBio are always looking for partnership opportunities with industry. 
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THERMOCHEMICAL PLATFORM ANALYSIS 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
The objective of the NREL Thermochemical 
Platform Analysis project is to inform and guide 
R&D priorities for thermal and catalytic conversion 
processes by providing process design and TEA. This 
is achieved through close collaboration with 
researchers and external experts, along with both the 
use of commercially available modeling tools and the 
development or use of collaboration-derived, domain-
specific tools and resources, such as refinery integration, kinetic and reactor models, phase equilibrium 
models, and pertinent bioproducts market studies.  

This project is directly aligned with BETO’s goals, with enabling technology advancements and cost reduction 
for biomass-derived biofuels being one of its primary objectives. TEA-guided research facilitated by this 
project has helped achieve significant modeled cost reductions for the ex situ CFP pathway and the indirect 
liquefaction (IDL) pathway for the conversion of syngas to high-octane gasoline. Cost reduction through 
refinery integration, development of valuable coproducts, and other options are being identified for future 
research to help reduce the modeled MFSP to $2.50/GGE by 2030. Additional priorities anticipated in the 
future, such as the use of renewable electricity for liquid fuels and products and emphasis on waste utilization, 
are also being explored in conjunction with research on the catalytic utilization of syngas and other gases 
(including CO2). Industry-relevant parameters are given deliberate attention as part of the work done under this 
project to help answer questions important for future commercialization and address associated risks. 

  

  

WBS: 2.1.0.302 

Presenter(s): Abhijit Dutta; Adam Bratis; 
Zia Abdullah 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $1,400,000 
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Photo courtesy of NREL 

COMMENTS 
• Dutta’s work on TEA may be the most widely read of all the BETO (even DOE!) publications. As a 

consultant for numerous companies, from startups to mature international behemoths, I find that most of 
our clients are keenly interested in TEA. So, this work is very useful for us. No one ever believes the 
economic results presented by companies because they have an interest in showing their processes in the 
best light. But NREL work provides a “neutral” view. And the detail in your studies can, and does, often 
form the basis for our own TEA. Your focus on the topics of pyrolysis, catalytic pyrolysis, and syngas 
upgrading are timely. And your transition to refinery coprocessing is another area of keen and growing 
interest. The only criticisms I have heard are about some of the assumptions made in the studies. 

• The management is well organized considering the complexity of the multiple interactions and feedback 
needed to progress the models. This was another key area with appropriate funding. I’m happy to see the 
collaboration with ExxonMobil, which indicates the relevance of their work results. I have always 
viewed this team as efficient and very productive considering the high challenge for them based on 
variables being input to them to manage and refine their calculations. A key question for the 
management is how to get more engagement with broader oil and gas suppliers because their models are 
quite valuable and feedback from industry will always provide improvements. I see no outages or gaps in 
the modeling work. Modeling is key to progress toward pilot and scale-up programs where the 
investment and risks becomes quite high. I’m happy to see modeling is now a way to define continuation 
or the wrap-up of approaches as well as shifting focus due to modeling. The progress and outcome for 
the programs shown toward economics of $3/GGE is clear, and, as shown, some are within the range of 
the GGE goal with thermochemical, but scale-up will present unforeseen issues, which modeling may 
not predict. 
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• The goals of the Thermochemical Platform Analysis project are very clear, as indicated on the quad chart 
on slide 29, to inform and guide R&D priorities for CFP, high-octane gasoline, and IDL pathways using 
TEA and LCA. Key process metrics (e.g., MFSP) and key performance indicators (KPIs) were provided 
on slides 37–45 for CFP and high-octane gasoline, along with projected process performances. 
Additional project metrics could also include how many key decisions have been altered due to 
Thermochemical Platform Analysis information and the cost savings or cost/time avoidance as a result. 
Other high-level goals mentioned include process simulations at larger scales and quantifying the impact 
of new research results on process models as well as suggesting alternative pathways. All of these goals 
have immense value for R&D. The project team is highly collaborative and productive, as indicated on 
slide 19, with input from NREL, Idaho National Laboratory (INL), Argonne National Laboratory (ANL), 
and PNNL. The priorities of the work queue and roles of the team members were not as apparent. Key 
notable overall project risks provided on slide 12 include alternate R&D approaches, rigor, and 
prediction capability. These risks are mitigated by setting priorities, making the right partnerships, and 
having alternative models ready to launch. CFP risks were identified on slide 18 as carbon balance 
closure mitigated by acetone and methyl ethyl ketone (MEK) adsorption-based recovery, along with 
refinery co-hydrotreating steps. No risks were identified for the high-octane gasoline and IDL pathways 
as of now. The key end-of-project milestones and targets were provided on the quad chart—namely, 
identification and quantitation for all CFP pathways and products that can be integrated within a 
traditional refinery environment. The communication plan was not explicitly stated because it is built 
into the workflow. It is clear that frequent interactions are happening, as presented on slides 8 and 19. 
The organization and coordination of these interactions needed further explanation, in particular the 
industry advisors and subcontractors. The current SOT of the TEA and LCA based on process simulation 
has a standard principle surrounding the approach. Here, the standard tools—e.g., Aspen, Excel, and 
Greenhouse Gases, Regulated Emissions, and Energy Use in Technologies (GREET)—are implemented, 
so there is no SOT advancement per se. The quality of the estimates is based on the accuracy of the data 
used in the models. The new approach for coprocessing is an exciting new direction. The linear 
programming work provided by ANL using Aspen PIMS should be used in tandem with this effort so 
that the impact is not too unit-specific. Most of this effort is rooted in good solid approaches for process 
modeling and supports the BETO Conversion R&D 2022 goal to deliver feedstocks and complete 
verification operations at the pilot scale for an alternate conversion pathway with fuel production cost 
modeled at $3/GGE for 2,000 tons of feedstock/day. The Enabling Technologies area under the 
Chemical Conversions to Intermediates and Products direction is supported by developing new analytical 
and modeling tools that enable more efficient production of fuels and products across conversion. The 
work is necessary and essential for BETO’s success. The current approach may not move the innovation 
needle. The current approach will enable key R&D decisions to be made and mitigate significant risks 
along the way, which may be more critical for ChemCatBio. The team was able to clearly show that 
project work directly connects and impacts the 2022 go/no-go verification decision for the conceptual 
CFP process design proposal at the front-end loading (FEL)-1 level, enabling this work to move into the 
next engineering design workflow with an external engineering, procurement, and construction (EPC) 
vendor. Further, there is broad impact of this work in setting the process simulation SOT and allowing 
models to be published and available. Publications are widely read across the community. The 
opportunity to license detailed models, as well as patents, including experimental and modeling work, 
was briefly mentioned on slide 17. The team is currently working with ExxonMobil on biomass 
pyrolysis projects, which could lead directly to commercial applications, especially if the go decision is 
reached in 2022 and an EPC is selected to take things to the next level. There was some notable progress 
toward the project goal of informing and guiding R&D priorities for CFP, high-octane gasoline, and IDL 
pathways using TEA and LCA. For CFP, the stand-alone hydrotreating conceptual process design was 
complete. More comments regarding the steps and cost of coproduct cleanup should be given, as well as 
the total organic carbon expected in key wastewater streams. The plan is to use a thermal oxidizer to deal 
with the wastewater, and swing adsorption was the plan for the coproduct cleanup. The risks that still 
exist preventing stand-alone scale-up must be clearly listed and published because this was critical 
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information for changing the R&D priority to coprocessing. A current draft of the syngas-to-high-octane 
gasoline conceptual block flow process design includes all commercial areas except for the high-octane 
gasoline section, which should help improve FEL-0 estimates. The team was able to provide an SOT 
direction to the high-octane gasoline team, suggesting priorities to be focused on using real feeds, 
integrated runs, increased yields, regeneration, and design of experiments for catalyst formulation. An 
alternate pathway for single-step DME conversion was suggested with a focus on optimizing the catalyst 
and conditions for reducing the production of C4 and CO2. The recommendations on R&D priority 
should be clearly listed in a separate table to support these results. Some progress has been made in 
identifying and quantifying all CFP pathways and products that can be integrated within a traditional 
refinery environment with the completion of the stand-alone case. No preliminary work was presented 
yet on the coprocessing case. 

• The Thermochemical Platform Analysis project provides TEA for the other projects. This is a unique 
role in the whole program, especially because the focus of the program is on applied technologies to 
promote bioenergy. The team performs its role very excellently. Bioenergy may face a rapid change 
market eventually. It could be beneficial if the TEA can be done considering the variation of price and 
needs of the market. Indeed, this may be a stretch, and there are many aspects beyond technologies. It 
would also be interesting if the TEA can integrate with the other computation effort to form a “virtual” 
design platform aiming to combine the design of catalysts from the atom level to process. 

• This team provides enabling support to nearly every program in the catalytic upgrading umbrella. This is 
important because TEA helps to identify risks and technical areas that are most in need of additional 
effort. In this sense, TEA directly serves to de-risk technology transfer and commercial development of 
biogenic fuels and products. Overall, this team has set best practices for using TEA as a tool for guiding 
applied research in the biomass upgrading space. The team is encouraged to continue using TEA in a 
relative sense to focus research effort on primary cost drivers and to de-emphasize absolute dollar-per-
GGE targets to the extent possible.  

Management: There is a clear channel of communication between core TEA team and research areas in 
need of TEA. The team also has open channels with external suppliers, computational researchers, 
National Institute of Standards and Technology (NIST) databases, feedstock consortia, and LCA teams, 
ensuring robust TEA. Risk identification, risk management, communication, and advisory board 
interactions are all built into workflow. Overall, the project is extremely well managed. Subcontracts are 
helping to scale up pyrolysis and predict fuel properties, but it is unclear how subcontractors are 
expanding the tools available to this consortium already.  

Approach: The technical tool kit available to this team spans everything from quick assessments of new 
processes to rigorous analysis of more mature concepts. They use appropriate tools for TEA—these 
include Aspen, Excel, and GREET—all of which comprise modern standards in this type of research. I 
liked the use of sensitivity analysis and Monte Carlo methods to address limited data or uncertainty in 
available data. The connection with feedstock consortia can provide better input as to raw material 
prices. This is important because raw materials are one of the major cost drivers in a biorefinery. Overall, 
the project is delivering process models with some predictive capability, which helps to de-risk future 
scale-up. There have been changes in the project portfolio. In the CFP program, the team is shifting from 
stand-alone hydrotreating to refinery coprocessing and assessing the impact of using low-cost/low-
quality municipal solid waste as a feedstock. The team has taken on new projects in syngas upgrading 
optimization, considering recycle, process intensification, and diversified feedstocks (solid waste/CO2). 
All of these are generally appropriate directions, though it is worth noting that considerable scientific 
progress has been made in the CFP program, and additional research in the area is worthwhile even if it 
cannot meet 2022 verification targets. I understand the programmatic focus on using TEA to estimate 
MFSP relative to absolute targets, but it may be preferred to use TEA in a relative sense to identify 
primary cost drivers and direct future research.  
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Impact: TEA is helping to accelerate the adoption of biogenic fuels and products by de-risking early-
stage technologies. Collaborations with industry are positive, and this team has shown that research 
within this consortium continues to reduce MFSP and show improvement in the SOT. The team is 
disseminating knowledge through publications, and they have made sample models and tools publicly 
available, which is outstanding. I was particularly impressed that TEA identified a risk in lack of carbon 
balance closure during CFP with stand-alone hydrotreating. This directed research toward analytical 
methods to close the carbon balance. Ultimately, this increased the MFSP and led to a pivot away from 
stand-alone hydrotreating, but the impact is huge given the extant challenge in pyrolysis oil analysis and 
the errors propagating throughout the field due to inadequate quantitative analytics.  

Progress: The team has provided a detailed TEA for CFP with stand-alone hydrotreating. Research 
showed a clear reduction in MFSP and identified key risks. 

PI RESPONSE TO REVIEWER COMMENTS 
• Thank you for your valuable comments and feedback. As recommended, we will continue to engage 

with the petroleum industry. As part of 2021 efforts for the CFP pathway, we plan to publish our recent 
learnings; this will include the impacts of experimental results from co-hydrotreating of CFP oil and the 
recovery and purification of light oxygenates from CFP. The percentage of biomass carbon lost in 
aqueous streams will continue to be listed as a metric in the SOT table; this metric usually correlates 
with the percentage of oxygen in CFP oil. Projected cost advantages guided our decision to investigate 
co-hydrotreating versus stand-alone hydrotreating of CFP oil; our learnings from successful single-stage 
stand-alone hydrotreating helped guide our researchers in this regard. Additional refinery coprocessing-
related work will be published as we make progress. We do have TEA-guided decision points for the 
IDL-to high-octane-gasoline pathway, with additional analysis planned for a go/no-go decision in Fiscal 
Year (FY) 2021. Subcontract work under our TEA project is usually of specialized nature, allowing deep 
dives outside our regular workflow to help answer relevant research and TEA questions. As illustrated in 
the presentation, we have interactions with the CCPC for detailed modeling, with our diverse workflows 
integrated using simplified correlations; we will continue this approach. We try to be transparent with 
our assumptions and understand that the industry usually works off different business models based on 
specific situations; we hope that the details provided in our studies allow the revision of our results using 
different sets of assumptions. 
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LIQUID FUELS VIA UPGRADING OF INDIRECT 
LIQUEFACTION INTERMEDIATES 
Oak Ridge National Laboratory 

PROJECT DESCRIPTION 
This project targets to develop efficient one-step 
ethanol to C3+ olefins (ETO) technology to enable 
high carbon efficiency to liquid hydrocarbon fuels at 
lower cost and enable the development of a market-
responsive biorefinery concept through the C2 
platform, providing control over gasoline, diesel, and 
jet fuel as well as high-value coproducts. The 
outcome is to advance C2 upgrading technology and 
reduce commercialization risk by addressing catalysis and process challenges and demonstrating liquid fuel 
production at a modeled MFSP of $3/GGE. Research tasks primarily include ETO catalyst and process 
development, coproduct development, and oligomerization reaction optimization. Multifunctional Lewis acid 
zeolite catalysts are developed to catalyze cascade ethanol conversion to selectively produce targeted butene-
rich C3+ olefins (89% selectivity at ~100% ethanol conversion), which can be further upgraded to a high yield 
of middle distillates. The ETO catalyst structure-function relationship has been explored through the 
collaborations with ChemCatBio enabling projects. Such C2 upgrading technology helps to meet the needs of 
ethanol producers to diversify the product portfolios and address the decarbonatization challenges for heavy-
duty transportation and aviation sectors.  

 

  

WBS: 2.3.1.100 

Presenter(s): Jim Parks; Tim Theiss; 
Zhenglong Li; Missy Miller 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $1,200,000 
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COMMENTS 
• As with all of these projects, use of TEA to guide the work is very important and is a very positive aspect 

of the whole program. The catalyst deactivation/regeneration experiments (slide 17) indicate to me that 
this process might be better operated in a fluid bed where catalyst regeneration is much easier. 
Understanding the active sites, and being able to selectively deactivate these, is a promising approach 
with good preliminary results. The mixed catalyst—CuZnY/beta Pt/Cu—shows great promise at 
avoiding butadiene formation. But is butadiene a more valuable byproduct? The science in this project is 
quite good, but I wonder if the project can be economically viable under reasonably imagined conditions. 

• Excellent job organizing and utilizing external and internal technology development via licensing 
external and catalyst development internal. It is clear from the presentation that the challenge is using 
ethanol from biomass to meet economics. The defined approach is clear, as reducing the number of steps 
and minimizing energy input is the right approach. There are still issues with ethanol as a feedstock due 
to the current value and cost of ethanol from biomass. Explaining the potential upfront that other existing 
ethanol production could benefit from this process to get over the blend wall issue is a smart start. Key 
will be future cost reduction in biomass to ethanol to have the greatest impact and the volume potential 
of feedstocks because corn and sugarcane still require growing food-type crops, which needs to be 
challenged in the future. No issues are seen with the progress and outcome to date; the only concern is 
using ethanol from existing processes as the start point, with concern that future biomass to ethanol will 
not be viable as a feedstock at reasonable economics for fuel. There is some outstanding technology 
development in this program advancing the state-of-the-art (SOA) catalytic processes. 

• This appears to be the ORNL side of the ETO technology C2 Upgrading project, which is even lower 
risk and quite successful with the Prometheus opportunity. The goal is to upgrade ethanol to middle 
distillates. The ethanol-to-jet (ETJ) route is the benchmark going through ethylene and olefins to jet-
range hydrocarbons. The team is looking for opportunities to do this in a single step. Long-term catalyst 
durability and regeneration continue to be the challenge. There are several milestones associated with 
risk mitigation in FY 2021. The approach is to reduce the diffusion length of the olefins in pore 
confinement to hinder aromatization chemistry. This approach should advance the SOA of ETJ. The 
innovative portion of this strategy really focuses on the coproduct generation. The group is doing 
fundamental research that includes computational modeling. The team understands that this work could 
really change the processing flexibility for ethanol producers and also provide a clean source of distillate 
to the petroleum refining industry. Vertimass has already licensed technology developed from this 
project. Originally, the team looked at beta zeolites for including metal sites. They can make 90% C3 
olefins at almost 100% conversion at 623 K. The collaboration with CCPC has identified opportunities to 
eliminate the dehydration reactions completely. The team was able to show excellent water tolerance as 
well as excellent selectivity control by varying the levels of hydrogen partial pressure. They also showed 
that they can produce enough H2 in situ to help drive the entire reaction network. 

• This project develops zeolite-based catalysts that produce fuels and valuable coproducts from ethanol. 
The team is developing a type of very interesting nanoporous catalysts. The nanoscale confinement 
could alter the electron distribution on the substrate and thus change the catalytic ability. The nanoscale 
confinement could also preselect the molecules that can approach the active sites and the conformation 
of the molecules. Such confinement effect could open gates to many opportunities. It could be beneficial 
if the team collaborates closely with the CCPC and investigates the mechanisms and designs catalysts 
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based on the mechanisms. This project, aligning with the other projects, emphasizes the importance of 
valuable coproducts in the development of a biorefinery. The coproduct direction should be seriously 
considered. 

• This project is exploring zeolite-based pathways for upgrading ethanol to distillate fuels, olefins, and 
butadiene. Overall, the work is solid, and there are no real weaknesses.  

Management: The conversion pathway is clearly outlined, as are the focus areas for this project. The 
team has clear connections with enabling consortia and complementary research programs at various 
national labs. The goals for this project are clearly defined. Risks are identified with appropriate 
mitigation strategies, and specific milestones are tied to risk mitigation. Overall, the management of this 
project is strong.  

Approach: Parallel to the C2 program, this team is working on an ethanol-to-distillates technology, 
which is appropriate due to the increasing availability of low-cost bioethanol and a blend wall in the 
gasoline sector. The team is using a cascade of dehydrogenation/condensation/hydrogenation/ 
dehydration, so they need to design bi-/multifunctional catalysts to facilitate the multiple chemistries in 
an intensified process. They are aiming to maximize carbon efficiency to liquid hydrocarbons and 
understand deactivation while collaborating with appropriate programs to develop fundamental insights 
in parallel with their pursuit of applied goals. Pillared zeolites are a reasonable approach for mitigating 
deactivation and decreasing aromatic formation by making a non-shape-selective catalyst, but it was not 
entirely clear how this would be superior to perhaps a mesoporous solid acid. I recall that some of the 
existing olefin-to-distillates technologies avoid confined pores for this reason, so there may be 
appropriate technology already out there.  

Impact: A direct ethanol-to-distillates approach avoids the need for separate ethylene and olefin 
oligomerization strategies that might be typical in an ETJ-via-ethylene strategy. Note that a single-step 
ethanol to C3 olefins is attractive considering a potential supply gap in C3 olefins due to the decreasing 
naphtha cracking in the shale gas boom. There is considerable potential for impact here; ETJ 
technologies address the extant need for a better product portfolio for ethanol producers while also 
addressing a long-term need for liquid alkane aviation fuels. The collaboration with Prometheus is 
interesting because it is using CO2 as an ethanol feedstock and converting it to butadiene and jet. If 
successful, this could be a nice carbon-negative fuels technology.  

Progress and outcomes: The team has made significant progress in understanding catalyst structure and 
performance through outstanding collaborations with ACSC and CCPC. The work highlights the 
significance of atomically dispersed metal sites, which is interesting. The effort to improve catalyst 
stability is significant, particularly in the presence of water because this can allow wet ethanol processing 
and reduce the separation burden required to move beyond the ethanol/water azeotrope. The team has 
developed insights into how operating conditions impact activity and selectivity, which is critical to 
allowing product flexibility and enabling switches between butadiene and olefins, depending on the 
intended product. 

PI RESPONSE TO REVIEWER COMMENTS 
• We appreciate the positive feedback on ORNL’s ethanol upgrading project. We also agree with the 

assessment on the catalyst durability challenge, which is one of the focuses as we continue to develop 
this technology. We appreciate the great comment on our technology development to advance the SOA. 
At the same time, we also understand that the ethanol feedback cost is one of the major contributions to 
the overall fuel production cost, which is generally the case for most of the biomass conversion 
technologies. There are challenges to produce middle distillate that can directly compete with petroleum-
derived fuels in the current market situation. We believe the coproduct production is one of the strategies 
to meet this challenge, which reflects the advantage of our technology—flexibility to product fuels and 
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chemical coproducts in one process. We appreciate the reviewer’s positive comments on this work. The 
notes on the potential high demand of renewable C3+ olefins and using CO2 as an ethanol feedback 
provide further good justification of the work. The C2 upgrading team has very close collaborations with 
CCPC on understanding the catalyst structure and reaction mechanisms. The findings from modeling 
will be used to guide our further catalyst design and development. We also agree on the coproduct value, 
which is one direction we will focus on. Catalyst deactivation and regeneration is ongoing work in FY 
2021. We will incorporate what we learn further into the consideration of reactor choice when we start to 
plan for technology scale-up. The physical mixture of ZnY/Beta and Pt/copper (Cu) catalyst offers the 
flexibility to make either butene-rich olefins (for fuel or chemical production) or butadiene. This 
flexibility is very important for a technology that can meet a dynamic market demand. 
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CATALYTIC UPGRADING OF BIOCHEMICAL 
INTERMEDIATES 
National Renewable Energy Laboratory, Oak Ridge National Laboratory, Los 
Alamos National Laboratory, and Pacific Northwest National Laboratory 

PROJECT DESCRIPTION 
The CUBI project is a multi-lab effort within 
ChemCatBio that is focused on improving the 
catalytic upgrading of intermediates from 
biochemical deconstruction and/or biological 
conversion (i.e., fermentation) to fuels and chemical 
coproducts. This is accomplished by developing 
catalysts with improved performance and durability, 
mitigating the impact of biogenically derived 
inhibitors (including water), and evaluating intensified processes to reduce separations requirements and 
improve carbon utilization. Specific catalytic upgrading routes being developed are (1) fermentation-derived 
2,3-BDO, (2) fermentation-derived carboxylic acids, and (3) lignocellulosic sugar-derived furfurals. These 
routes represent key technology pathways being investigated within BETO’s biochemical conversion portfolio.  

By utilizing experimental and characterization capabilities and modeling tools across the four CUBI labs and 
collaborations with ChemCatBio-enabling projects, the CUBI project is advancing catalytic upgrading process 
performance and robustness. Its impact is already well established by several high-impact journal articles and 
patent publications, along with industry engagement in related, competitively awarded collaborations. The 
CUBI project will result in >25% MFSP cost reduction in the catalytic upgrading section of integrated 
biochemical conversion routes, as quantified by ongoing TEA modeling. 

 

WBS: 2.3.1.101 

Presenter(s): Adam Bratis; Richard 
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Photo courtesy of NREL, ORNL, Los Alamos National Laboratory (LANL), and PNNL 

COMMENTS 
• There is no issue with the management and organizational structure. Key aspects highlighted indicate 

strong collaboration across this complex program. There is excellent progress by the catalyst teams on a 
very challenging program; however, the true value to BETO may be to keep the biomass sugar-derived 
2,3-BDO as a solvent for new uses, in my opinion, to reduce the final cost of other routes to fuel. Does 
the team or their partners have a benchmark assessment of impact/value of 2,3-BDO without further 
conversion? This was not presented. I have worked on many solvents over my career, including 2,3-
BDO, and I believe it is a substantial upgrade over 1,2-propanediol and even the higher-value di-
propylene glycol and tri-propylene glycol solvents. Currently, the only available bio-derived solvents for 
the consumer goods industry and other uses are glycerin and glycerin-derived 1,2-propanediol. 
Converting 2,3-BDO to butene, then upgrading, also seems to be counterintuitive because butene prices 
globally are in the range of $1.20/kg. The impact could be substantial for biomass-derived 2,3-BDO, in 
my opinion, keeping the material for chemical use. The current resulting GGE analysis of $8.62 does not 
justify the approach for fuel, and, as such, I am struggling to see the ability to reach the 2030 goal with 
further development to fuel. I also struggle with projections for 2030. There are too many factors 
affecting costs in the future that make this a challenge. I found the catalyst work on specifically butene 
very promising, which may be obtained by other routes than 2,3-BDO. Catalyst deactivation seems to be 
a grand challenge overall. Finally, has the team considered concentrating BDO by freeze fractionation? 
The material is crystalline below 3°C and could be a potential way to purify and concentrate at the same 
time, even if only for solvent value. Some of the other work on acids and furfural products is very 
interesting and may have unique value. There are too many process steps from 2,3-BDO to MEK to 
fuels. The economics, in my opinion, will not be achieved. 

• The CUBI program is a comprehensive effort aimed at selective upgrading of sugars or intermediates 
prepared by the biological fermentation of sugars. The program is a necessary complement to thermal 
pathways. Key focus areas are BDO, carboxylic acids (e.g., butyric), and the conversion of sugars to 
furanics and subsequent upgrading products—e.g., alkane fuels by condensation and 
hydrodeoxygenation (HDO). There is a lot happening in the CUBI project, and it was, at times, hard to 
follow a common thread or understand any specific technology platform all that deeply. Considering the 
diversity of work, it is challenging to cover both the rationale and science on everything in a single talk. 
The CUBI summary seemed compressed, and it felt like no part of the program got the full attention that 
it needed. This project may benefit from breaking into four or five subprojects, at least for the peer 
review presentations.  

Management: The project spans four national labs, so management is critical. The individual research 
directions at each lab are clearly defined, and there is frequent communication among all partners; 
however, the CUBI project is expansive, and research thrusts therein are, at times, not directly connected 
(e.g., BDO upgrading and furan pathways are essentially independent). The specific leadership structure 
and management hierarchy were somewhat unclear, so I could not really determine if each lab runs 
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independently pursuant to specific goals there or if there is a central point of contact (POC) responsible 
for coordinating research across the four labs. Cross-project collaborations are well defined, and risks 
and mitigation strategies are clearly addressed.  

Approach: The core focus of this project is on selective upgrading of bio-intermediates as opposed to the 
less selective pyrolysis and total deconstruction of gasification; therefore, this program is an essential 
component of the biomass upgrading portfolio. TEA is used appropriately here to guide the program to 
impactful research. Overall, it seems like a focus on process intensification and utilization of raw 
feedstocks is more impactful than catalyst development in isolation for model compounds. There is a 
good focus on catalyst durability here, with emphasis on inhibitor mitigation. This gives a clear idea of 
purity specs for each part of the process, may reduce separation and purification burdens, and should 
lead to process intensification and integration. To this end, the collaborations with separations consortia 
are appropriate.  

Impact: This program is significant as an essentially stand-alone project that looks at nonthermal 
conversion and upgrading strategies, so it covers an important space in biorefining. The team is 
publishing/presenting/patenting on par with expectations.  

Progress and outcomes: I was impressed by a clear demonstration of a BDO to olefins/diesel/jet fuel, 
particularly for a single-reactor strategy (direct BDO to jet). The team has also identified a potential 
coproduct in MEK, which is reasonable. The team has mapped out a comprehensive cascade of 
processes that can be initiated with BDO, leading to a slate of fuels and chemicals. One can view this as 
a BDO platform chemical model similar to those that have been proposed for HMF, furfural, levulinic 
acid, etc. The reactive separation strategy (using dioxolanes) is potentially attractive. BDO is a 
potentially valuable product. Its potential is enhanced by a facile, low-cost separation strategy to allow 
its recovery from dilute media. The team has done good work on the fundamental chemistries/catalysis 
involved in BDO-to-butadiene technology. The current risks in the HMF/furfural platform were not 
clearly specified. Considering the large body of work in this area, I was curious to learn more about the 
current technology needs here and where additional research is necessary. 

• The key goals of the CUBI project are presented on the quad chart (slide 54) to improve the upgrading of 
key intermediates by doing integrated R&D. The measurement for improvement was given 
quantitatively as a 25% reduction in the process design cost estimates, along with an MFSP estimate 
<$2.50/GGE, including lignin conversion. Other metrics include finding >25% of the valorization 
revenue in non-lignin-based pathways. The baseline for the cost reduction target was defined on slide 7 
as the 2019 SOT at $7.79/GGE and $8.20/GGE for the BDO and organic acid pathways, respectively. 
The management plan was clearly outlined on slide 18, with the critical roles across the national labs 
defined, noting monthly project meetings and frequent interactions. Excluding NREL, most of the lab 
partners are focused on the BDO pathway, which is a strategic use of targeted resources to solve the 
problem. There appears to be some redundancy in catalysis and fuel property testing. The high-
throughput screening (HTS) work at PNNL should be highly leveraged to accelerate this project. The 
team did an excellent job of disclosing critical risks and mitigating actions, such as (on slide 19) water 
impact, catalyst inhibitors, coke buildup on catalysts, as well as (on slides 8–11) for each pathway. The 
key end-of-project milestone provided on the quad chart was basically the same as the project goal. 
There were several cross-project interactions that were good to see, such as scale-up, integration, and 
separations.  

The CUBI team is highly collaborative within the BETO framework. No IABs or industry engagement 
were identified. The team tries to have regular meetings to make sure data are exchanged and critical 
knowledge is shared in a timely way. There is not a clear SOA, and one should be defined in this project, 
although sequential organic chemical process synthesis is a well-established approach. The SOT goes 
back to 2017 and used the 2019 SOT to set the targets for the latest AOP. The TEA was used to advance 
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the SOT and set the R&D targets. The team showed a good example using BDO dewatering MFSP 
sensitivity. This approach is used for each pathway and fits perfectly into the BETO model and goals. 
This large project supports and advances the BETO and technology area mission of developing and 
demonstrating transformative and revolutionary bioenergy technologies for a sustainable nation, as well 
as the BETO goals to develop commercially viable bioenergy and bioproduct technologies.  

The CUBI project supports the EERE Strategic Plan goal of enabling a high-performing, results-driven 
culture through effective management. The project advances the Strategic Analysis Goals to ensure high-
quality, consistent, reproducible, peer-reviewed analyses; to develop and maintain analytical tools, 
models, methods, and data sets to advance the understanding of bioenergy and its related impacts; and to 
convey the results of analytical activities to a wide audience, including DOE management, U.S. 
Congress, the White House, industry, other researchers, other agencies, and the general public. The 
CUBI project supports and advances the Conversion R&D specific, measurable, attainable, realistic, and 
time-related (SMART) goal by 2021, completing the R&D necessary to set the stage for a 2022 
verification that produces both fuels and high-value chemicals to enable a biorefinery to achieve a 
positive return on investment. The project addresses several key barriers in Synthesis and Upgrading—
Ct-H. Efficient Catalytic Upgrading of Sugars/Aromatics, Gaseous and Bio-Oil Intermediates to Fuels 
and Chemicals; and Integration and Intensification Challenges—Ct-J. Process Integration—identifying 
impacts of inhibitors and fouling agents on catalytic and processing systems. In support of the Synthesis 
of Intermediates and Upgrading initiatives, CUBI seeks to transform intermediate streams into stable 
product streams that meet offtake standards. Finally, CUBI supports and advances BETO’s push for 
novel technologies by pursuing research on innovative technologies that can broadly enable the 
conversion of feedstock to fuels and products.  

The upgrading and valorization of biochemical intermediates continues to be a cornerstone approach for 
bioenergy R&D professionals across several industries. The more innovative aspects of this approach 
upon application will be the engineering solutions to deal with impurities from using real, raw biomass 
feedstocks and developing the process engineering specifications for key streams in order to protect 
downstream equipment. These solutions will not be boilerplate but most likely creative adaptations of 
proven process design approaches. A lot of the key innovation was already accomplished by tweaking 
the metabolic pathways in the biological strains to produce specific streams in high yield. The CUBI 
project team seems to understand well how their work will impact the supporting literature within BETO 
and the external R&D community by publishing 11 peer-reviewed articles along with several patents. 
The impact on other CUBI external stakeholders (e.g., bioenergy industry, fossil fuel industry, chemicals 
industry) was brought to the forefront on the impact slides. The technology developed has been 
leveraged across several industry partners, in particular the sustainable jet fuel work.  

The project has an enormous amount of commercial potential, especially in the coproduct biochemical 
space. The way in which industry has been engaged seems to be through a technology transfer-type 
relationship, with both the Technology Commercialization Fund and FOA awards for converting acids to 
biojet fuel and all of the licensing activities that have taken place. One of the more impressive aspects of 
the progress on this project has been the focus on the BDO pathway. The vapor-phase work at ORNL in 
the presence of hydrogen demonstrated high conversion and selectivity to olefins using surrogate feeds 
with spiked impurities as well as tuning capability for MEK coproduction. Coke tolerance was improved 
using pillared materials flows through industry (MFI) structures using in situ thermogravimetric analysis. 
The corresponding microreactor runs should be shown to further demonstrate the thermogravimetric 
analysis results. The impact of water at 40 wt %, acetoin, and acetic acid were determined showing 
negative effects from acetic acid on olefin selectivity. PNNL worked the acid catalytic path via MEK to 
create olefins. The impact of hydrogen for increasing yields was verified. It would be interesting to see 
the composition of the spent hydrogen stream. The iso-butanol coproduction adds value to the overall 
process. The CUBI team made good progress investigating the analytical technique for extracting BDO 
reactively from dilute water through the dioxolane intermediate and showing additional chemical 
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transformation opportunities from that intermediate. 1,3-Butadiene coproduction via a single-step BDO 
conversion pathway was presented. Additional catalysis work taking a single carboxylic acid feed and 
completing a reductive etherification step to produce 4-BH was investigated using a single-phase catalyst 
at improved yields. With respect to demonstrating improvements consistent with a cost reduction from 
25% to 33% for the BDO pathway compared to the FY 2019 SOT of $7.79/GGE, achievement of this 
milestone appears to be challenged at the moment. The project risk mitigation plan was not mentioned or 
activated directly. There is quite a bit of pathway investigation ongoing, which appears to be the 
mitigating actions. 

• This is a very complex, interrelated collection of projects. I am glad to see that both chemical and fuels 
products are under study. It is a good idea to work backward from “allowed cost for this process” to 
identify the portion to work on and its target within the overall process. Success is well indicated by 
papers, patents, and industry interest.  

BDO to olefins: Cu/BEA tested? Cu-P-MFI was shown stable for 100 hours. Fixed or fluid bed? 
Attrition resistance? BDO to MEK: Evaluated impurities—was raw BDO broth tested? Extraction of 
BDO to dioxolanes: Do dioxolanes have any applications, e.g., solvent? Did you determine if any metals 
were still in the “cleaned up” broth (with some catalyst deactivation)? BDO to butadiene: achieved 50% 
yield—what was the target? Butyric acid to ketones: near-theoretical yields. Each project in this program 
could, and should, be the subject of a longer review. The current arrangement does not permit proper 
review of the science/progress of the separate projects. It was hard to judge the progress given the short 
presentations; it looks okay, but it was hard to dig in. 

• This is a very comprehensive project including many research subjects that can be independent projects 
themselves. The team takes the challenge and progresses significantly in quite a few directions. The 
research of coproducts indicates an interesting direction and may pave a new avenue for the conversion 
of biomass. It could be beneficial if more efforts can be taken in this direction to explore if it is possible 
to produce more high-value products based on biomass and how the design of catalysts can help achieve 
this. 

PI RESPONSE TO REVIEWER COMMENTS 
• We appreciate the recognition of the recent progress made within this project. While we are aware of 

1,4-BDO use as solvent, we have not found industrial application as a solvent for 2,3-BDO. We found 
that it is typically converted into MEK, which is itself used as solvent. The global 1,2-propanediol 
market is equal to 2.7 million tons/year (2020). It is not a large market, and, as such, if 2,3-BDO were to 
replace 1,2-propanediol as a solvent, an excess of 2,3-BDO would still be available. This excess 2,3-
BDO could be used for fuels and chemicals production. Catalytic upgrading of 2,3-BDO to solvents or 
other products and fuels can help to expand its market application. For such applications, purity is very 
important, so separation and purification as needed to meet specification for use as a solvent could 
represent a major cost that requires further investigation. Note that most of the required cost reduction 
needed to achieve overall fuel cost targets are associated with other steps within the overall biochemical 
conversion pathway, with lignin coproduct valorization being that largest improvement needed.  

The specific catalytic upgrading of sugar-derived intermediates is the focus of this project and requires a 
25%–33% cost reduction in the catalytic upgrading operation relative to the starting point in 2019. Our 
mid-project and end-of-project milestones are directly associated with this metric, and we are 
demonstrating the required cost and performance measures needed to achieve this progress using 
biomass-derived process streams in an integrated manner.  

We are also developing catalytic upgrading approaches to target higher-value coproducts from such 
intermediates to lessen the exclusive dependence on lignin-derived coproducts to enable fuel cost targets. 
Many techniques have been envisioned and applied by others to separate/extract 2,3-BDO, including 
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conventional distillation and crystallization, but, to the best of our knowledge, none of them has yet 
found commercial application due to large energy requirements. We note that a small effort is conducted 
under this project to separate BDO from the broth because it is a novel technique using organic 
chemistry; however, non-chemistry separation techniques are not the focus of this project, but they are 
being investigated in collaboration with the Bioprocessing Separations Consortium. Unlike other 
approaches, the two-step approach for converting 2,3-BDO to olefins fuels precursors via MEK allows 
for: 

o The use of catalysts with hydrothermal stability that are tolerant to highly diluted feedstocks (i.e., 
90 wt % water). This is important because the 2,3-BDO fermentation broth is highly diluted in 
water (~90 wt % water), and separation of 2,3-BDO from water remains challenging and energy-
intensive. Significant research efforts are still needed to allow for the economic separation of 2,3-
BDO from water. By using an aqueous feedstock where 2,3-BDO/water separation is not needed, 
we de-risk the process compared to other approaches.  

o Coproduct diversification beyond MEK. Coproducts are needed to reduce the dependance on 
lignin upgrading to adipic acid. MEK is a possible coproduct, but other coproducts will be 
beneficial because the MEK market is small (global: 1.7 million tons/year) and would quickly 
become saturated.  

• We appreciate the comment regarding the wide breadth of activities being conducted within the CUBI 
project. There are many advantages for all of the catalytic upgrading efforts within the broader 
biochemical conversion pathways to be performed within a single coordinated effort that spans work at 
several national labs, which was the approach recommended approximately 6 years ago—before which 
these efforts were conducted as individual projects in a less coordinated manner. The current 
management structure involves a central coordination effort at NREL, where much of the associated 
process development and TEA support for the overall biochemical conversion pathway is conducted. 
Although the format for the peer review presentations is more of a broad programmatic overview of the 
project and not a deep technical presentation, we recognize the difficulty for the reviewers to assess the 
specific technical approaches of each project activity in the current format, and we will consider other 
ways to allow for a more thorough technical review in the future. It is gratifying to see the recognition of 
inhibitor mitigation as a major crosscutting thrust in the CUBI project because this was specifically 
chosen as an area for emphasis at the start of the current 3-year project cycle in 2019. A major outcome 
of this project will be to understand the catalytic upgrading feed-stream specifications and associated 
purification/separation requirements as related to the upstream deconstruction and biological conversion 
steps utilizing raw biomass feedstocks. We agree that there is a large body work on production of 
furfurals and aldol condensations and some work on the production of hydrocarbons from biomass 
sources. Our approach differs in that our goal is to develop a simple process that minimizes the number 
of separations required and to process the whole hydrolysate (hexoses and pentose sugars) through to 
hydrocarbons in a continuous process. In addition, the ketone used in the aldol condensation is bio-
derived MEK, which is less reactive than other ketones, such as acetone or cyclopentanone, but it does 
introduce branching in the final hydrocarbon product, so that it has a low-temperature cloud point and is 
thus suitable for blending into jet and diesel fuels.  

• Coproduct opportunities have been emphasized in a greater manner in this project during the last 2 years 
to lessen the exclusive dependence on lignin-derived coproducts in biochemical conversion pathways to 
enable fuel cost targets. Additionally, utilizing corn starch-derived hexose sugars in existing corn ethanol 
commercial plants can provide a near-term opportunity to repurpose such facilities away from ethanol 
production to produce higher-value product revenue streams using existing commercial-scale 
fermentation capacity.  
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• Regarding the BDO-to-olefins approach, we did test Cu/BEA, but we did not include those results in the 
peer review presentation. Cu/P-MFI was tested in a fixed-bed reactor, so we did not focus on the attrition 
resistance in this system. Regarding the BDO-to-dioxolanes approach, we have found that the dioxolanes 
are prone to oxidation over time and/or if exposed to heat and air, which could preclude any use as a 
solvent. Residual metal in the broth after pretreatment was measured, and we were unable to detect any 
remaining metals by inductively coupled plasma mass spectrometry. We recognize the difficulty for the 
reviewers to assess the specific technical approaches of each project activity in the current peer review 
format, and we will consider other ways to allow for a more thorough technical review in the future.  

• Fuel property testing capabilities that already exist at the national labs involved in the CUBI project have 
been utilized to quantify key fuel properties for the fuel products generated from the catalytic upgrading 
approaches that are being developed. This includes using certain unique capabilities present at a given 
national lab to measure fuel properties from upgrading approaches being developed at other national labs 
in a consistent and collaborative manner. We appreciate the recognition of the importance of developing 
integrated engineering solutions to address impurity considerations when using biomass-derived process 
streams in catalytic upgrading reactions. This has become a key area of emphasis in this project and 
represents an advancement from lower-TRL activities during early years of the project that used model 
compounds and/or mock hydrolysates/fermentation broths to the current higher-TRL efforts using 
process-relevant streams from real biomass deconstruction and fermentation operations, where we are 
developing an understanding of how these upstream processes affect the quality of the streams being fed 
into the catalytic upgrading reactions. Performing inhibitor identification and catalyst poison studies and 
determining their impacts on catalyst lifetime, regeneration, and feed-stream cleanup requirements 
provides significant insights into optimizing this critical process integration interface. The importance of 
2,3-BDO as an upgradeable intermediate is largely related to the ability to produce it from mixed sugar 
biomass hydrolysates at extremity high fermentation product titers (>100 g/L), making it one of the 
primary pathways being developed within BETO’s broader biochemical conversion portfolio. The CUBI 
project represents the primary effort within this broader portfolio for catalytic upgrading of this 
intermediate to diesel/jet fuel molecules/blendstocks and large-market chemical coproducts. During its 
lifetime, the CUBI project has progressed from catalyst and process development on model compounds 
to its current emphasis on real process streams in a fully integrated process context. The requirement for 
a 25%–33% cost reduction in the catalytic upgrading operation relative to the starting point in 2019 was 
determined by TEA modeling efforts to identify catalytic upgrading improvements that are needed to 
achieve these cost reductions, assuming all other areas of the broader biochemical conversion pathway 
are also able to achieve their targeted improvements, including coproduct valorization of lignin. 
Collectively, all of these improvements will result in achievement of the targeted MFSP cost target of 
$2.50/GGE by 2030. Our mid-project and end-of-project milestones are designed to determine which 
approaches appear to be able to (or not able to) achieve the catalytic upgrading portion of the overall cost 
reductions and allow for rescoping of resources within the project to best achieve this outcome. 
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CATALYTIC UPGRADING OF CARBOHYDRATES IN WASTE 
STREAMS TO HYDROCARBONS 
North Carolina State University 

PROJECT DESCRIPTION 
The primary objective is to develop a technology for 
converting the carbohydrates in paper sludge, a wet 
organic industrial waste stream, into a hydrocarbon 
biofuel, both economically and sustainably. In the 
United States, more than 8 million wet tons of paper 
sludge (50% moisture) are generated annually. Most 
of it is landfilled at an approximate cost of $240 
million per year, including trucking and landfilling 
costs. This material contains readily digestible carbohydrates, which can be used for product development. 
This project will develop an integrated process using wet paper sludge, where no drying of the feedstock is 
needed. The process includes (1) ash removal from paper sludge, (2) enzymatic hydrolysis of carbohydrates to 
monosaccharides, (3) dehydration of sugars to furans, (4) aldol condensation of furans with ketones to 
intermediates having molecules with 14–16 carbons, (5) HDO of the intermediates to paraffins with excellent 
properties for blending in a jet or diesel fuel, and (6) robust TEA and LCA to focus research on developing 
cost-effective routes to address key cost barriers and ensure the sustainability of the process. The process will 
be integrated and optimized, and a potential to achieve a minimum 25% reduction in the net levelized cost of 
disposal of the paper sludge will be demonstrated. Finally, the developed process will be validated at a relevant 
scale to produce sufficient hydrocarbon product for fuel property testing.  
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Presenter(s): Sunkyu Park;  
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Planned Project End Date: 12/31/2021 
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Photo courtesy of NCSU 

COMMENTS 
• Excellent management of the program, which is complex, with all the various aspects of materials to 

convert. The team did a good job showing the build from previous work on model systems. The 
approach using paper waste is solid, with no foreseen issues other than concern over the amount of 
hydrochloric acid utilized and the waste stream generation from the use of hydrochloric acid. This could 
be substantial because hydrocarbons produced after aldol condensation are branched. In the detergent 
industry, a feedstock with methyl branching could have input into the surfactant market for higher value 
due to the performance and green technology aspects with consumers; however, aldol is an expensive 
process, so there is concern over meeting economic goals longer-term to make higher-value fuels, but as 
stated, it still may have chemical value to industry. This shows solid progress and outcomes, and, as 
such, I see no major issues. 

• The key goals of the NCSU project are presented on the quad chart (slide 27) to convert pulp and paper 
sludge into hydrocarbons economically and sustainably. The quantitative targets for the economics and 
process KPI targets are not mentioned. The project had clear lab-scale, milliliter-quantity milestones and 
deliverables in each year to produce furfural and HMF in the first year, produce hydrocarbons in the 
second year via aldol condensation and HDO, and scale up the product to liter quantities in year three. 
The critical project tasks and roles are assigned clearly between NCSU, NREL, and Yale. The team did a 
good a job of identifying several big risks—namely, sludge ash concentration, catalyst deactivation, and 
sludge quality control. The mitigation actions seem reasonable—adding more sludge pretreatment units, 
characterizing catalyst deactivation and solve with both a scientific and engineering solution, as well as 
optimizing the process based on one specific sludge stream or feed slate. The milestones were clearly 
outlined on slide 7 with the go/no-go occurring this summer, delivering 50 mL of hydrocarbons, of 
which 50% can be blended directly into distillate, and a 25% reduction in the levelized disposal cost. The 
communication plan was clearly laid out with monthly calls between NCSU and NREL, quarterly 
reports, frequent interaction with BETO, and face-to-face BETO validation meetings. There appears to 
be no IAB or direct industry partner engagement on this work, which is a strong desire for this work, at a 
minimum, to keep a steady supply of real sludge feedstocks. This gap should be fixed easily by 
leveraging the BETO IAB community. The team has contacted many sludge producers at this point. 
There was an explicit approach outlined that does not compare to any SOA converting paper sludge to 
fuels. It was mentioned that this is an alternative to anaerobic digestion routes, so a baseline block flow 
diagram of the SOA could be helpful. It appears that some original work was done as organic synthesis 
using autoclaves to verify the most critical liquid phase transformations followed by HDO. Once the lab-
scale basic chemistry was proven with key model compounds representing the constituents in paper 
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sludge, then a block flow diagram was developed. This is the classic process development heuristic 
across the chemical industry throughout the decades. The approach generally involves the use of real 
streams at some point, which was used here, taking samples from the sludge survey. It also seems like 
some catalysts are involved here. It is not clear if these are homogenous or heterogeneous, recoverable or 
irrecoverable. The project supports the BETO and technology area mission of developing and 
demonstrating transformative and revolutionary bioenergy technologies for a sustainable nation, as well 
as the BETO goals to develop commercially viable bioenergy and bioproduct technologies. The project 
supports the Conversion R&D SMART Goal by 2021, completing the R&D necessary to set the stage for 
a 2022 verification that produces both fuels and high-value chemicals to enable a biorefinery to achieve a 
positive return on investment. The project addresses several key barriers in Synthesis and Upgrading—
Ct-H. Efficient Catalytic Upgrading of Sugars/Aromatics, Gaseous and Bio-Oil Intermediates to Fuels 
and Chemicals and Integration and Intensification Challenges. Overall, economically turning a paper 
sludge stream into sustainable jet fuel has great innovation potential. The approach may not be the most 
innovative to accomplish this feat due to the number of synthesis steps required. Nevertheless, the 
pathway could be a viable route for BETO in the future. The team appears to understand the size of the 
opportunity based on the quantity of sludge available across the United States and its impact for BETO. 
The project’s impact on the bioenergy community at large seems limited. The project has great 
commercial potential for a number of mills and paper companies that can be engaged. The team 
contacted 17 companies to complete a sludge survey, and 11 types of sludge samples were received. 
Unfortunately, the project was unable to secure an industry partner that could help commercialize the 
work. The team has made considerable progress with lab-scale process development activities toward the 
overall goal. More than 93% ash was removed, keeping >65% of the carbon, with the carbohydrates 
mostly characterized as glucan and xylan. Batch enzymatic hydrolysis of the glucan and xylan to 
produce sugars showed high yields along with dehydration to furans in the presence of dioxane solvent 
and aluminum chloride catalyst using a microwave reactor. The commercial scale for this step will 
obviously look different and may be carried out in a more traditional fashion using more costly, slower, 
batch methods. The theoretical yields for adducts formed from condensation chemistry by adding MEK 
and caustic were almost reached. The purchase of MEK and caustic impact must be included in the final 
TEA. The team completed all of the steps except HDO, which had already been done in previous work 
with model compounds. Almost all the milestones for the go/no-go have been reached, except the lower 
chemical oxygen demand reduction, which is critical for the project goals. The risk mitigation actions or 
contingency plan for this remaining task were not discussed. The HDO work is going very smoothly at 
NREL, with no issues. 

• This project aims to convert carbohydrates of paper sludge to hydrocarbons. The whole project is divided 
into two parts: sludge to furans and sugars to hydrocarbons. The team is using TEA and LCA to guide 
their research. The team has a monthly conference between the two major participants, NCSU and 
NREL, and it would be helpful if the management also presents how the participants at Yale are involved 
because the Yale group does the TEA and LCA, an important part. It could also be beneficial if the team 
could consider strategies of reusing enzymes because they are pretty expensive. 

• This project investigates multistep processes for recovering chemicals from paper sludge. The 
presentation was very well organized and clearly presented. What were the overall economics? (Answer: 
$3.60/GGE.) The paper sludge could be a good feed for steam reforming in a solids contacting reactor 
because the fillers (Ca, Mg, Fe) help catalyze the pyrolysis process at modest temperatures. 

• This project is a collaboration among NCSU, NREL, and Yale that is focused on utilizing wet waste 
from pulp and paper, specifically paper sludge. My understanding is that paper sludge has short fibers 
and high ash content, so it is low value and difficult to upgrade. Presumably, it is then slated for 
treatment/disposal, so it would be a large cost for a pulp and paper facility. The objective here is to 
produce hydrocarbon biofuels from paper sludge, generating 1 L for fuel property testing at a 75% 
blending level with petroleum diesel or jet fuel.  
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Management: The roles of each partner are clearly established and appropriate according to expertise. 
Importantly, the team has involved pulp and paper industry at a large scale, so there is good interaction 
with stakeholders. Regular communications occur internally, as well as with project managers within 
BETO. The team has clearly identified risks and provided reasonable mitigation strategies, and they have 
established clearly where they stand with respect to intermediate milestones for the project. No major 
weaknesses are evident with respect to management.  

Approach: This project outlines a cascade approach to paper sludge upgrading, going through ash 
removal, enzymatic degradation to monomeric sugars, catalytic dehydration to HMF and furfural, 
condensation of furanics with MEK, and HDO to jet diesel-range components. This is a classic furan-to-
diesel-type pathway. The great challenge here is probably ensuring adequate performance in the presence 
of impurity carryover using a paper sludge feedstock, so the effort in process integration seems 
appropriate. Although the team indicates an ability to recycle the dioxane solvent, there may be concerns 
with respect to toxicity and/or cost in being able to scale the process. That said, it is unclear that there are 
better solvent options. An advantage of dioxane may be that it is low boiling relative to 
dimethylsulfoxide, which may help with purification of furfural and HMF. Tetrahydrofuran may also 
have been an option. It should be less toxic and potentially biomass-derived. The related project from 
Wyman and Cai demonstrated good results with that platform. I was not clear on the standing research 
challenges in synthesizing furfural/HMF or in condensation and hydrotreating, and how they differ in 
this project relative to other efforts. Presumably, the major one is the carryover of impurities?  

Impact: The team is forecasting impacts in the reduction of environmental waste disposal, the reduction 
in waste-handling costs for the paper industry, and the production of renewable fuels. This is a good 
example of the utilization of cost-advantaged feedstocks, like paper sludge, which currently represent a 
disposal cost. It is worth pointing out that this technology is a natural fit with existing paper mills, 
suggesting the possibility of leveraging current infrastructure to reduce capital investment required to 
move the technology to scale.  

Progress and outcomes: I like that the team is working directly with pulp and paper companies to handle 
actual paper sludge instead of doing work on, for example, microcrystalline cellulose or even raw 
biomass. As I see it, working with a relatively low-grade feedstock is one of the biggest challenges here, 
so efforts in ash removal and achieving high yields of sugars, HMF, furfural, etc., in an integrated 
process is necessary considering the impact of inorganic species on enzyme and catalyst activity. There 
has been considerable TEA of related systems done in the past 10 years or so, and it seems that economic 
viability always comes down to solid content, dioxane ratio, and solvent loss. It is not clear what 
research is needed to further improve upon the SOT with respect to furfural-to-alkane strategies. 

PI RESPONSE TO REVIEWER COMMENTS 
• The project team thanks the review panel for their encouraging and thoughtful comments, as well as their 

recognition of the work progress, management, and potential impact. Based on the reviewers’ comments, 
we will evaluate different solvent systems (e.g., tetrahydrofuran), enzyme reuse, and the impact of 
hydrochloric acid use in wastewater treatment. We will also investigate the possibility of product 
development for the surfactant market. We will continue to work with our stakeholders, such as the pulp 
and paper industry. 
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UPGRADING OF C2 INTERMEDIATES 
Pacific Northwest National Laboratory 

PROJECT DESCRIPTION 
We are developing new catalytic upgrading 
technologies that enable cost-competitive conversion 
of C2 intermediates (including ethanol), produced 
either thermochemically or biologically, to highly 
desirable jet or diesel blendstocks. We aim to develop 
a commercially viable process within the concept of 
an integrated biorefinery—a smaller production scale 
than petroleum refining, with lower-capital-cost fuel 
synthesis, and provide control over the product 
distribution such that process operation can be adjusted to meet market demand. The coproduction of value-
added chemicals may also improve overall economics as well as provide feedstock flexibility for commercial 
operation, and this is being investigated in tandem with fuel products. TEA is used to define technical targets 
and evaluate research progress toward ultimately demonstrating the processes. Efforts have culminated in the 
discovery of a new catalyst system for the direct conversion of ethanol to n-butene-rich olefins. This pathway 
provides an economic route to jet- and diesel-range hydrocarbons over the current SOT, with the elimination of 
a unit operation and additional energy savings enabled by coupling exothermic and endothermic reactions. The 
project team has recently begun to scale up the patented catalyst technology developed on this project, 
employing modular microchannel reactors, teaming with LanzaTech and Oregon State University to take it a 
step closer to commercialization.  

 

  

WBS: 2.3.1.304 

Presenter(s): Rob Dagle; Asanga 
Padmaperuma; Corinne 
Drennan 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2022 
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Photo courtesy of PNNL 

COMMENTS 
• The focus on risk management explicitly is a good approach. Since butene coproduct is key to the 

economics, it is good that most of the effort is going into this target. The projections of costs on slide 16 
seem to indicate that one can never reach $3/GGE. Slide 18 seems to indicate that butenes are 
“unfavorable.” Understanding the impact of silver dispersion and acid site concentration is very 
important; what do you do with this? Are oxide supports favored compared to carbon or other nonpolar 
supports? The approach of using the mechanistic insights to direct work is particularly impressive. The 
new catalyst performance shows the impact of using mechanistic insights to improve catalyst 
performance. Are you familiar with the Celanese work on ethanol upgrading to all sorts of chemical 
products (e.g., ethyl acetate), not fuels? They have numerous patents. 

• There is no issue with the catalyst development program management. The management has done a great 
job working with the team to advance the progress of the ethanol-to-olefins work. The catalyst approach 
for ethanol conversion has been well thought out, and the development is successful. The main issue is 
the current economics of cellulosic ethanol, at $3.80/GGE, not the catalytic work by the team. I like the 
idea of starting with the existing ethanol production from corn until such time that the economics of 
cellulosic ethanol improved. LanzaTech, I believe, currently has better economics via this route, and 
perhaps could be another alternative until cellulosic ethanol production can improve economically. I 
commend the progress on catalyst development from 2017 to this review. Again, I’m struggling with the 
calculations with the ethanol input at $3.80/GGE and the catalyst at $3.40/GGE, or am I misreading the 
charts? These values indicate extremely high-value coproduct is needed; however, in my opinion, no 
olefin coproducts will add sufficient value to justify the project unless crude oil price by 2030 is high. 
Thus, I’m questioning the stated outcome of the potential to obtain a distillate fuel MFSP of $3/GGE. I 
do not, however, wish to downplay the team working on catalyst developments, which have future 
potential in the chemicals industry, as well as fuels, should crude oil reach high prices. 

• The key goals of the C2 Upgrading (C2U) project are presented on the quad chart (slide 31) to improve 
catalysts for ethanol-to-C4 transformations, enabling further oligomerization to diesel-range 
hydrocarbons. The catalyst improvement targets were not quantitatively mentioned. The TEA was used 
to drive research direction toward increasing olefin selectivity to an unspecified target. The 
communication plan was given on slides 10–12, with the work direction between PNNL and ORNL 
clearly distinguished by catalyst family type, with distillate fuels production as the key objective. There 
is an academic collaboration with Washington State University involving fundamental catalysis, support 
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for higher-TRL work, and collaboration with ChemCatBio crosscutting teams. The risk management 
plan was provided, identifying three critical areas of carbon efficiency, catalyst durability, and process 
economics. The mitigation actions involve collaborations mostly within ChemCatBio, which could 
possibly benefit from additional outside partners. The key project milestone involves achieving the 
$3/GGE MFSP milestone for distillates with KPIs being 100 hours time on stream (TOS) and two 
regeneration cycle evaluations. Other milestones include the evaluation of additional coproducts on 
TEA. The team showed how the MFSP has olefin yield sensitivity. The communication plan indicated 
quarterly communications between PNNL and ORNL as well as other collaborations with enabling 
projects. The C2U project mentioned the engagement of the IAB during the presentation. The SOA for 
C2U continues to be the LanzaTech alcohol-to-jet process. The approach is the traditional screen, 
downselect, and baseline catalyst performance method for material discovery. The approach centers 
around controlling the olefin intermediate/coproduct distribution as a way of controlling the final 
distillate product distribution. Generally, this type of effort leads to a more optimized, final, next-
generation catalyst family above the catalyst SOA for this project. Further, as slide 19 suggests, it will 
advance the alcohol-to-jet process by reducing the unit operations and bringing in new coproduct 
opportunities. The C2U project supports BETO and the technology area mission of developing and 
demonstrating transformative and revolutionary bioenergy technologies for a sustainable nation, as well 
as the BETO goals to develop commercially viable bioenergy and bioproduct technologies. C2U 
supports the Biochemical Conversion Program objectives pertaining to integrated conversion 
technologies by showing how new catalyst materials are moved into other BETO scaled-up system 
integration efforts with the recent FOA with Oregon State University and LanzaTech. C2U supports the 
Conversion R&D SMART Goal by 2021, completing the R&D necessary to set the stage for a 2022 
verification that produces both fuels and high-value chemicals to enable a biorefinery to achieve a 
positive return on investment. The approach is basically to test several of the best catalyst candidates and 
check the TEA for the corresponding conceptual process design impact. The team is aware of the 
potential of ethanol as a critical chemical processing building block intermediate molecule, particularly 
when the market prices swing away from motor gasoline fuel-blending incentives. C2U has the potential 
to optimize and reduce the design costs for the alcohol-to-jet process, which is already commercially 
licensed. C2U catalyst scale-up with LanzaTech and Oregon State University via a BETO FOA is 
ongoing, along with MCPI efforts using microchannel reactors for building energy efficiency into the 
process. This process has quite a bit of potential to go commercial in the near future. Toward the goal of 
improving catalysts for ethanol-to-C4 transformations, significant progress has been made and published 
highlighting these new fundamental insights, such as silver promotion, mechanistic impact, and acid 
surface C4 product tuning; and atomic layer deposition synthesis for the same catalyst system along with 
acid strength characterization, deactivation mode elucidation, and 800 hours TOS testing. All of this 
insight led to an improved next-generation catalyst system with almost an order higher activity and 
increased stability resulting in a $0.50/GGE reduction in MFSP estimates. Other notable achievements 
involve computational work by the CCPC suggesting the impact of surface proton concentration as the 
key mechanistic control phenomena. The key project milestones with MFSP, TOS, and regenerations 
were partially reached in this last work period. The new generation catalyst had improved stability not 
yet realized at 800 hours TOS. The regeneration milestone was achieved for coke formation and 
oxidation state-based deactivation. The process design TEA estimates are heading in the right direction. 

• The presentation by Rob Dagle was insightful and rational. Overall, this was a very nice summary of the 
program. The direct conversion of ethanol to butene is attractive.  

Management: There is good interaction between PNNL/ORNL as well as the IAB. The collaboration 
structure and individual tasks of the various programs within BETO and university partners are well 
defined. There is a clear identification of risks as well as a reasonable mitigation strategy that leverages 
appropriate expertise in each area. There is a well-defined milestone structure. There are no major 
weaknesses in the management.  



2021 PROJECT PEER REVIEW 

474 CATALYTIC UPGRADING 

Approach: The project is mainly focusing on the direct conversion of ethanol to higher olefins and 
distillates. The work is guided by TEA, which is appropriate for directing effort toward impactful 
research. This team showed TEA without coproduct credits, which made it much easier for me to see the 
impact of the work here. I think the team has made a good choice to upgrade carbonyls by aldol 
condensation instead of using ketonization to upgrade acids. It should be more carbon-efficient and 
happen under milder conditions, provided that one can avoid carboxylic acid formation in the first place. 
There is a good focus on process intensification and moving to a smaller scale to be compatible with 
biomass processing at distributed scales. There has been a reasonable benchmarking effort to establish 
the base case of the technology, and a shift from ethanol-to-ethylene to ethanol-to-C3 is attractive 
because it is much easier to make long-chain, branched hydrocarbons from C3 olefins than it is from 
ethylene.  

Impact: The ethanol focus is a good choice due to the increasing supply/decreasing cost of biogenic 
ethanol, as well as blend wall restrictions. Ethanol is certainly a reasonable source for fuel or chemical 
production, provided that its upgrading is cost-effective. So the catalysis focus here is appropriate. The 
alcohol-to-jet collaboration with LanzaTech has already demonstrated a successful application of bio-
based jet fuel. Ongoing and future focus on process intensification may help to make this ETJ pathway 
more feasible. The team is exploring scaled-down reactors and additive manufacturing, which hints at 
feasible distributed-scale implementation.  

Progress and outcomes: The work here has outlined the mechanism of producing butene from ethanol 
over Lewis acids. There has been good utilization of in situ nuclear magnetic resonance leveraging 
unique capabilities at PNNL. Their mechanism/pathway analysis is instructive on how to manipulate 
operating conditions to improve selectivity/activity. They have found that silver dispersion correlates 
with conversion, but selectivity correlates with Lewis site density. This instructs the design of a more 
active/selective catalyst. The utilization of atomic layer deposition to obtain monodisperse Zr4 is 
interesting, but the origin of its improved performance is not entirely clear, nor is long-term retention of 
monodisperse zirconium (Zr) during regeneration cycles. Focused investigations into catalyst 
deactivation identified three mechanisms of deactivation. This has informed subsequent mitigation and 
stabilization strategies, resulting in a more stable catalyst. Improved coke resistance is attributed to 
avoiding intermediate formation of butadiene, which seems reasonable. This project has appropriately 
leveraged computational capabilities to develop a fundamental understanding of selectivity/stability 
differences between past and current catalysts. 

• This project aims to develop catalysts and an economically viable process that can produce fuels based 
on the chemical conversion of ethanol. The research shows significant advancement. It is very 
impressive that the team collaborates with several enabling groups to conduct a comprehensive study on 
the mechanisms of catalysts. The idea of valuable coproducts could be an important concept for the 
biorefinery to produce fuels. A similar strategy of coproducts has been utilized by several other groups. 
The selection of coproducts seems to be very important. It would also be interesting if the balance 
between fuel and coproduct can be used to guide the design of the catalysts. 

PI RESPONSE TO REVIEWER COMMENTS 
• The insightful comments provided by the reviewers are greatly appreciated. The project team is 

encouraged by the positive statements made by the panel about the progress made with the catalyst 
development. The positive comments made on the importance of controlling the formation of olefin 
intermediate and coproduct distribution as a means for controlling the final distillate product distribution 
are well received. The strength of the collaboration with different teams across the consortium, including 
computational capabilities, and with our academic partner was also noted. One reviewer applauded our 
mechanistic approach utilizing aldol condensation for carbon-carbon coupling versus ketonization as a 
more carbon-efficient route. It was also noted how the generation of coproducts is an important concept 
for biorefineries in fuel production.  
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Regarding the comment on how the balance between fuel and coproduct can be used to guide the design 
of the catalysts, we certainly agree with this point—and the production of different coproducts is 
something that we intend to investigate further in the future. We believe that the types of multifunctional 
catalysts being developed here could be adapted for other product opportunities. Note that we are 
nominally aware of the Celanese work on products from ethanol. We will incorporate this comment in 
the future scope.  

Questions were raised around the catalyst targets, TEA, and with the more fundamental catalysis being 
performed by our academic partner. These points are clarified and addressed below. Regarding the 
comment that catalyst improvement targets were not quantitively mentioned, we would like to point out 
that in the approach on slide 16, we showed how, according to our model, the MFSP cost target could be 
met assuming that 95% carbon selectivity to the olefins can be achieved and assuming n-butene 
coproduct was taken. This is our end-of-project target. We also had a mid-project catalyst performance 
target milestone of 90% total olefin and 65% C3+ olefin selectivity, which was recently met, as shown in 
the approach on slide 17.  

Regarding the comments on TEA, we apologize for the confusion, which is really due to the fact that 
there are two separate process models—one for PNNL’s catalyst (Task 1) and one for ORNL’s catalyst 
(Task 2). For the PNNL catalyst, the process model assumes thermochemical conversion of forest 
residues to ethanol, which utilizes a more recently updated biomass feedstock cost (which lowers the 
production price of ethanol). The model for the ORNL catalyst was developed based on biochemical 
processing of corn stover using data obtained from an earlier 2011 report. There are two different 
process models because the PNNL and ORNL catalyst programs originated from different sections of the 
BETO program. In recent years, these programs were combined due to their similar goals around ethanol 
upgrading, but the same models were kept for consistency. We plan to use a fixed ethanol feedstock cost 
for both models, and then assess the progress made in reducing the ethanol upgrading costs moving 
forward. The comment that the utilization of atomic layer deposition as a means to obtain monodispersed 
Zr4+ was interesting; however, the origin of its improved performance was not clear, and the reviewer 
questioned the feasibility for long-term retention of monodispersed Zr during regeneration. To clarify, 
we believe that the synthesis of well-ordered Zr sites leads to Lewis acid sites with increased medium 
strength, relative to weak and strong acid strength, as evidenced by infrared, and this may contribute to 
the favorable selectivity performance. This is a new finding because before we observed how Lewis acid 
site concentration, not necessarily strength, is a critical factor. But, certainly, this finding by our 
academic partner is still early, and we are working to understand more. Further, we agree that longer-
term stability of these well-ordered Zr structures is a question. We note that this is just one of the newer 
approaches being investigated. The mixed-metal catalysts prepared using more conventional synthesis 
appear to be reasonably stable and regenerable thus far. As suggested, catalyst durability will be more 
rigorously addressed with longer-term duration studies moving forward. 
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UPGRADING OF C1 BUILDING BLOCKS 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
This project is developing the centerpiece technology 
for a market-responsive, integrated biorefinery 
concept based on the conversion of renewable C1 
intermediates (e.g., syngas, CO2, methanol) to a suite 
of fuels and coproducts with improved carbon 
efficiency, reduced CapEx, and control of the product 
distribution to meet market demand. Advanced 
upgrading technologies of syngas are critically 
needed for the successful commercialization of fuel production at a scale relevant for biomass gasification. 
Research tasks within this project leverage complementary catalyst and process design for the conversion of 
CO2-rich syngas (15%–20% CO2 in syngas) to achieve high-carbon yields of gasoline and jet fuels as the 
major products. The conversion pathways generate high-quality fuels (e.g., high-octane gasoline with low 
aromatics, desirable jet-range hydrocarbons) and have the potential to achieve favorable cost targets by 2022. 
Research progress is compared against the Mobil olefins to gasoline and distillate (MOGD) process, which 
also offers control over the gasoline and distillate products, as an industry benchmark. The pathway for the 
direct conversion of CO2-rich syngas to hydrocarbon fuels seeks to exceed the carbon efficiency of biomass-
sourced MOGD (31.8%). Recent catalyst and process development achievements are highlighted by 
improvements in carbon selectivity to fuels and carbon yields, along with evidence of the incorporation of 
carbon from CO2 into the hydrocarbon products.  

 

WBS: 2.3.1.305 

Presenter(s): Adam Bratis; Dan Ruddy; 
Zia Abdullah 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $3,200,000 
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COMMENTS 
• The team’s progress on challenges speaks to solid management. The systematic approach with feedback 

from modeling and analysis has great potential in stepping from the three-step process to one step, with 
continued learning and progress ongoing. I consider the potential of the one-step process to be high, 
considering the achievements to date on DME to high-octane gasoline and direct syngas work to high-
octane gasoline. This could become a key high-volume route, initially to value-add fuels and chemicals 
as well, due to the focus on the process with branched materials, which have higher octane and perhaps 
even some chemical reapplications. It can be not only a stand-alone process to jet, but also often fuel 
companies use these materials as a blendstock to increase the value of the lower-quality fuels as well, 
which gives it potential to be introduced at lower scaling into the market, allowing more time toward the 
high production of high-octane gasoline. As stated before, the continual progress of the team stepping 
from the first approach toward a more efficient one step is outstanding and getting excellent results 
closer to the $3/GGE target. This year’s focus could provide the necessary outcome to meet the goal, and 
I believe they will have a substantial chance to meet or exceed the goal. The only question I have is that 
their goal for the coming year is set too low considering the great progress across the various approaches. 

The goal to convert CO2-rich syngas to high-octane gasoline is lofty, and it has been studied broadly. 
The current approach was chosen rationally and shows good promise. The use of BEA rather than ZSM5 
seems a great choice because Cu/BEA shows a good advantage with respect to peptide nucleic acid 
production, catalyst deactivation, and regeneration temperature. A very important demonstration is the 
500 hours of operation at a larger scale of methanol to gasoline. I appreciate the attack of studying 
individual steps and the stepwise approach going from syngas to CO2 only. This is a very well-conceived 
project. It tempts me to read most of the references (if I had time). I was confused as to what the 
economic target was for the carbon efficiency for $3/GGE and how the results relate to that. Cu/Zn is a 
good shift catalyst. Does that present a limit? (Answer: It could.) 

• The key goals of the C1 Upgrading (C1U) project are presented on slide 3 and on the quad chart (slide 
22) to develop renewable C1 conversion to flexible fuels with improved performance over the MOGD 
process baseline. There are no quantitative targets on how much improvement over the MOGD is 
expected. It is assumed that C1 technology would include both the catalyst and process combined. The 
project team did a good job of laying out the differentiators between high-octane gasoline and similar 
processes (e.g., methanol to gasoline), as well as key process metrics, such as carbon efficiency, CapEx, 
and product yield distribution. Additional project metrics could also include meeting frequency, 
publication count, and catalyst formulations. The interlaboratory project team appears to be working well 
together. The various roles of the project team members are not clearly outlined in a management plan. 
None of the project risks and mitigation strategies were mentioned. The key end-of-project milestones 
and targets were provided on the quad chart—namely, to demonstrate 200 hours TOS with 14% relative 
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improvement in carbon efficiency for direct conversion of CO2-rich syngas to high-octane gasoline in a 
single reactor. The improvement is assumed to be over the Fischer-Tropsch benchmark catalyst.  

The communication plan for C1U was not explicitly stated. The project team mentioned being in 
constant contact with all principal investigators (PIs), as presented on slide 7. No industry advisors, 
subcontractors, or industry collaborators are involved in the work at this point.  

The current approach in the C1U project of rationale catalyst design, characterization, and testing 
iterations is quite plausible and a widely accepted method for continuously improving the performance 
of new catalytic materials. The SOA for direct syngas conversion to fuels is Fischer-Tropsch. The block 
flow diagrams for the steps required in each C1U pathway should be clarified, as well as for the Fischer-
Tropsch and MOGD baselines. The research approach of combining process and catalyst design 
iterations simultaneously has the potential to outperform Fischer-Tropsch fuel quality if high-octane 
gasoline types of product distributions can be obtained from the single-step pathway. The BETO 
Strategic Analysis Goals to develop commercially viable bioenergy and bioproduct technologies to 
enable sustainable, nationwide production of biofuels are supported with the C1U project, as are the 
Strategic Analysis Goals to ensure high-quality, consistent, reproducible, peer-reviewed analyses. The 
C1U project supports the Conversion R&D SMART Goal by 2021, completing the R&D necessary to set 
the stage for a 2022 verification that produces both fuels and high-value chemicals to enable a 
biorefinery to achieve a positive return on investment. The creation of a single-step syngas conversion 
catalyst that can also convert CO2, compete on cost against Fischer-Tropsch materials, and create high-
quality fuels is innovative. High-octane gasoline technology was recently licensed by an energy 
company, so the project team understands the importance of renewable high-octane gasoline fuels in the 
future that can be transported by pipeline. The impact of the distillate products on the industry was 
presented strongly. In many ways, this may be the more successful route, given some positive outlook 
forecasts for distillate demand strengthening. The Enerkem work was a huge impact and matches the 
desire of the BETO leaders to go into sustainable jet fuel. The project team has already shown 
commercial potential for the high-octane gasoline process technology. The C1U project was able to 
make notable progress toward the goal to develop renewable C1 conversion to flexible-fuels process 
technology with improved performance over the MOGD process baseline. The Cu/BEA catalyst was 
shown to be a superior catalyst relative to BEA alone. C4 recycle optimization was achieved to reduce 
the MFSP. It was unclear how the regenerative procedure changed due to knowing the absence of 
surface peptide nucleic acids It seems like the regeneration protocol may have a temperature change, 
saving only some utility expenses. A critical result was the C13 results proving that CO2 activation 
occurred over CZA:Cu/BEA. The rational catalyst design iteration approach should be highlighted here 
to show how the formulation was determined in the project objectives. The use of stacked-bed 
configurations with methanol synthesis and high-octane gasoline catalysts to achieve direct syngas 
conversion to hydrocarbons was a positive result in pursuit of improved performance over the baseline. 
The use of nanoscale molybdenum carbide structures for olefin conversions appears to be a promising 
direction, as well as in direct CO2/H2 conversions. They did not see any performance hysteresis across 
regeneration cycles and the huge temperatures required to regenerate the material without copper. One of 
the challenges in the work is working at such low conversions and not providing a clear reaction 
pathway insight. The key end-of-project milestones and targets as provided on the quad chart were not 
achieved—namely, to demonstrate 200 hours TOS with 14% relative improvement in carbon efficiency 
for direct conversion of CO2-rich syngas to high-octane gasoline in a single reactor. There was good 
progress made in FY 2020 on the single-step conversion. The risk mitigation plan for the single-step 
conversion not reaching this milestone was not provided. The project may have an opportunity to 
generate aviation fuel or racing fuel. 

• This project is developing catalysts that enable the conversion of C1 intermediates to fuels and other 
high-value products. The project has clear management, including the risk mitigation strategy. The team 
collaborated with several enabling groups to help their catalyst preparation and conduct research to 
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understand and design their catalysts computationally. The project has shown impressive advancement in 
fundamental research, demonstrating this by publishing in prestigious scientific journals. They possess 
two unique catalysts: one is nanoporous materials, and the other is nanoparticles. The unique chemical 
and physical features of these two catalysts provide a design space that could help achieve the mission of 
the catalytic upgrading program. It could be beneficial if the team could collaborate with CCPC and 
other enabling groups to investigate the confinement effect for their Cu/BEA catalysts and the nanoscale 
effect of their nanoparticle catalysts. 

• This project seeks to enable conversion of C1 species to fuels and/or chemicals. A focus on aviation 
fuels and high-octane gasoline is appropriate due to anticipated growth in these sectors. The team is 
attempting to directly convert CO2-rich syngas to fuels, which is a challenging and impactful target. 
They have already made headway in this respect, and continuing efforts will need to address high CapEx 
and limited product quality by intensification and operating at milder conditions.  

Management: The management structure is clearly outlined, including interactions with enabling 
platforms and TEA, as well as other consortia focusing on scale-up, process integration, and engine 
performance (Co-Optimization of Fuels & Engines [Co-Optima]). There is a clear communication 
structure with technical POCs identified for various enabling platforms.  

Approach: The team has outlined a vision for a dual research cycle that leverages foundational science 
and applied outcomes to target the major cost drivers of the process. This was a nice illustration of how 
one can feed from process-scale efforts in TEA, scale-up, and integration back to informed catalyst 
design and synthesis. At a conceptual level, this is a solid approach, and it is clearly benefitting a rational 
approach toward making the upgrading of C1 intermediates economically viable. From a technical 
perspective, this project aims to reduce costs for methanol-to-gasoline via process intensification and co-
conversion of CO2. Importantly, the team has identified that methanol synthesis and the downstream 
conversion of methanol to high-octane gasoline have compatible process conditions, providing an 
opportunity for intensification. In this space, the challenges and rationale for how to address them are 
clearly defined.  

Impact: Producing high-octane gasoline is a good near-term opportunity because it is a valuable relative 
baseline gasoline and it has increasing demand. The team has demonstrated the production of high-
octane gasoline at the pilot scale with an industry partner, suggesting a scalable technology. The team 
has also demonstrated that they can upgrade olefins using mature oligomerization strategies to give 
mixed branched hydrocarbons with properties that match those of jet fuel. In this sense, the C1 platform 
enables the production of high-octane gasoline and jet fuel. It is noteworthy that the team has devised a 
system that converts methanol to triptane in excess of 70% selectivity. This was surprising to me 
considering the conventional “hydrocarbon pool” vision of methanol-to-hydrocarbons.  

Progress: The team demonstrated good yields of high-octane gasoline from DME. They are shifting 
toward direct syngas to high-octane gasoline, an appropriate next step in process intensification. The 
team has identified a BEA catalyst that is selective to branched alkanes, whereas a conventional MFI 
usually produces aromatics. I noticed that the team quantified the cost of catalytic upgrading in isolation 
as opposed to assessing the total dollars per GGE of the technology. I prefer this because it de-
emphasizes things like coproducts from lignin, which are out of scope for ChemCatBio programs, and it 
places the focus solely on the impact of catalysis research. I like the use of ultraviolet-visible for in situ 
characterization. Identifying polycyclic aromatics is important to understanding the stability of Cu/BEA, 
and insights about their formation led to improved regeneration protocols. With respect to 
intensification, compatible operating conditions in methanol synthesis and upgrading hint at the ability to 
integrate the two processes in a single reactor but guarantee no such thing. It is noteworthy, then, that the 
team has demonstrated the ability to directly convert CO2-rich syngas with catalysts developed here. At a 
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fundamental level, CO2 co-feeding experiments are informative as to the fate of the CO2 co-feed. 
Isotopic labels clearly show the direct incorporation of CO2 into products, which is significant. 

PI RESPONSE TO REVIEWER COMMENTS 
• We appreciate the positive comments from the reviewers highlighting our innovation over Fischer-

Tropsch; our approach to use process intensification for a single-step syngas-to-fuels process; our ability 
to generate distillate fuels; and our notable progress to date, including isotopic labelling studies showing 
the incorporation of CO2 into the hydrocarbon products. To reiterate our carbon-efficiency goal, we seek 
to improve the carbon efficiency of the process by 14% relative to the previous three-step process we 
were developing through the use of process intensification. The overall carbon-efficiency goal of 32% 
would meet that of the benchmark MOGD process when employing a biomass feedstock. With respect to 
the regeneration protocol that was recently developed for the Cu/BEA catalyst, we believe that the cost 
savings goes beyond utility expenses. We recently reported that the catalyst lifetime can have a 3%–5% 
impact on the overall MFSP, depending on the regenerability of the catalyst, where a catalyst that can be 
efficiently regenerated for 5 years can reduce the MFSP by 3%. Considering an MFSP of $3/GGE, this is 
$0.09 per gallon of fuel. We appreciate the comments about the challenge of obtaining insight into the 
reaction pathway in our single-step conversion of syngas to hydrocarbons, especially with Cu-Zn 
catalysts that the reviewers are correct to identify as good water-gas shift catalysts, and the related 
comments about partnering with the CCPC and other enabling technologies. Toward this end, we have 
already begun a collaboration with the CCPC to model the series of reactions that occur in our process 
intensification, single-reactor approach. This collaboration will provide insight into the chemistry by 
understanding the equilibrium limitations of each reaction. Further, this effort will aid reactor design to 
maximize per-pass hydrocarbon yield and understand how to best recycle byproducts, such as CO2 and 
isobutane. As an example of collaboration, our experimental project team will inform the computational 
model using results from CO2 co-feed experiments designed to simulate CO2 recycle in the system to 
understand equilibrium limitations. 
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CATALYTIC UPGRADING OF PYROLYSIS PRODUCTS 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
CFP is a versatile pathway for the direct liquefaction 
of biomass and waste carbon sources to generate a 
stabilized bio-oil intermediate that can be further 
processed into renewable fuels, chemicals, and 
materials. The objective of this project is to advance 
the CFP SOT through integrated catalyst and process 
development, expand market responsiveness by 
creating routes to novel coproducts, and provide 
experimental data to inform process modeling and scale-up activities. Research advancements during the past 2 
years include reducing analytical uncertainty by achieving 100%  ± 1% carbon balances during reaction testing 
with woody biomass, improving process efficiency by achieving a four-time increase in catalyst cycle length, 
demonstrating compatibility with waste feedstocks, and confirming process durability for 100+ reaction cycles. 
Additionally, this project supported a comprehensive pathway review to evaluate scale-up needs. This review 
resulted in the early identification of technical risks and informed proactive planning for the BETO 2022 
verification. Other impacts from this project include the generation of broadly enabling scientific knowledge 
(14 publications and 18 presentations since 2019), engagement with industry partners (e.g., Johnson Matthey 
and ExxonMobil), and the identification of a promising pathway to market that addresses emerging demands 
for biogenic refinery feedstocks.  

 

WBS: 2.3.1.314 

Presenter(s): Adam Bratis; Mike Griffin; 
Zia Abdullah 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $6,800,000 



2021 PROJECT PEER REVIEW 

482 CATALYTIC UPGRADING 

  

Photo courtesy of NREL 

COMMENTS 
• The management team is well organized and integrated within the government laboratories. The 

partnerships via cooperative research and development agreements (CRADAs) with external fuel and 
catalyst companies is an important aspect of the program. Team integration and communications had a 
large impact on speed and results. Cross integration of all aspects—from modeling, feedstock, and 
catalyst development—and refinery integration as parts of the plan allowed for fast progress in the 
program toward the milestone of $3/GGE. The team’s approach of using CFP to stabilize the bio-oil is 
the right way forward in my opinion. There is no major issue with impact because the program could be 
a good fit with existing refineries (to be proven) and has the potential to meet the $3/GGE target unless it 
is too dependent on coproduct end use, which was unclear in the presentation. Achieving 100% carbon 
balance was an important milestone, along with the TOS. My only concerns are temperature for the 
catalytic process and Pt cost on a large scale. Although the Pt system is the best, the supply shortage in 
the industry may cause issues in commercialization; thus, I would like to see in the review how their 
current result for catalyst loading compares to the current Pt/TiO2 catalyst used. The current supply of Pt 
is constrained to approximately 7–8 million oz per year. Is there any concern by the team around longer-
term implications of the circulating sand system for potential reactor metal erosion and the particle size 
degradation of sand? Is there a reason why no GGE is shown at this stage for the project as it moves 
toward scale-up? 

• The CFP project is developing catalysts and processes for the direct liquefaction of biomass. They build 
active management that benefits their research. This project is showing significant advancement in the 
efficiency of their catalysts and the overall process. The progress of this project helps achieve the 
mission of the catalytic upgrading program. It is also impressive that the team is working with the 
enabling groups to investigate the deactivation of the catalysts. The durability and regeneration of 
catalysts could change the game for the pyrolysis of biomass, considering the contaminants inside. It 
could be beneficial if the team could enhance their collaboration with the other enabling groups, 
including CCPC and catalysis synthesis, to conduct foundational research on the fundamental 
relationship between the catalytic ability and the surface pattern of the Pt/TiO2 catalysts. This 
relationship could help determine the strategy to improve catalysts. In addition, it is interesting to see 
their research on the deactivation of catalysts using forest waste as the feedstock. Their research outcome 
reminds us of the importance of feedstock quality on performance, especially the durability of the 
catalysts. It is very expensive to have a highly purified biomass feedstock. This research could be used as 
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the starting point for the study of developing catalysts and processes that can handle the “low-quality” 
biomass. 

• The distribution of tasks to individuals helps provide individual accountability. Coordination among 
these can be challenging, but it appears to be smooth in this project. Did the discovery of the “lost 
carbon” change your view of the most attractive of the three process options? Have you tried simply 
recycling the oxygenates to the first step? Is your pyrolysis oil suitable for a refinery feed to fluid 
catalytic cracking (FCC) or hydrotreater? Potassium hydroxide is transported with the gases to the 
deoxygenation. Can it be removed, for example, by a solid acid guard bed? Have you tried a simple 
water washing that removes most of the K? Another option is to use K-free cellulose or lignin or both. 
This process seems to be a variant of the KiOR process. Do you have access to their data? Would it be 
useful? It seems like this project missed opportunities to demonstrate viability. Although I am not 
convinced that catalytic pyrolysis is not viable, a pivot to coprocessing in FCC or hydrotreater is a good 
direction that is attractive for refiners. 

• The key goals and objectives of the project are presented on slide 4 and on the quad chart (slide 22) to 
develop CFP technology with the flexibility to produce specific types of bio-oils in support of the BETO 
2022 verification targets. There was no mention of quantitative technology development targets, KPIs, or 
improvements to guide the pursuit of the project goal. The 2018 baseline, mentioned on slide 9, provides 
some idea of a technology trajectory and process KPIs focused on carbon efficiency and oxygen content. 
The management plan was clearly outlined on slide 5, with the critical work breakdown specified with 
project leads and role assignments for each element. This appears to be an effective team organization 
style that is further strengthened by a dedicated project management role in Task 1. None of the project 
mitigation strategies were mentioned for the key risks discussed on slide 19: feedstock quality risks, 
catalysts durability risks, process integration risks, and TOS risks. The key end-of-project milestone 
provided on the quad chart was to develop pathways that could be integrated within the traditional 
refinery and provide the quality specifications for corresponding product streams. The criteria for a 
developed technology pathway are defined by the 2022 verification goals. The team has a stage-gate-
type risk mitigation management approach. The communication plan for the project was not explicitly 
stated. It was mentioned that the team meets about three times per month. There is quite a bit of cross-
laboratory knowledge sharing. The project team is highly collaborative across ChemCatBio, including 
key CRADAs with a catalyst manufacturer and major energy company. The team leverages the 
ChemCatBio IAB. At this point in the project, the approach will lead to a new innovation in catalytic 
upgrading process catalytic material design and performance, especially in the areas of lifetime, stability, 
and turnover. The best cost-competitive process configuration has already been set. Most of the work 
centers around parametric operating optimization with new catalyst formulations, which does not require 
a focus on step-change innovation to reach the 2022 verification objectives. Real process problems must 
be defined well and solved methodically. More discussions around the real problems, risks, and threats 
facing the 2022 go/no-go decision point would be useful. The project team realizes that they have a 
unique opportunity to supplement the fats, oils, and grease market with the bio-oil products resulting 
from this technology. More comments about co-feeding with fats, oils, and grease were expected 
because this is a timely discussion. The project has resulted in numerous publications and spin-out 
projects. The two CRADAs established prove that this technology has commercial potential, especially 
in the area of coprocessing. Toward the goal of developing CFP technology, the team has made helpful 
progress during the last few years in the areas of analytics, pyrolysis cycle durability, and fixed-bed 
TOS. The current catalyst lifetime, even though it is an improvement, continues to be an issue, even if 
several banks in switching mode are implemented in the commercial design. There are many objectives 
to be accomplished to reach the goal of developing CFP technology fully. The team has made good 
progress toward the original goals. The key end-of-project milestone to develop pathways that could be 
integrated within the traditional refinery and provide the quality specifications for corresponding product 
streams was partially reached, as specified on slide 13, where the team was able to supply bio-oil to 
several BETO projects. The quality specifications for various bio-oils have not been established yet. The 



2021 PROJECT PEER REVIEW 

484 CATALYTIC UPGRADING 

no-go decision was based on the schedule and not on any major technical issues. It does not mean that 
this technology was not viable. 

• This project is focused on upgrading pyrolysis vapors in order to efficiently convert low-value bio-oil 
into fungible fuels. CFP is an important part of the biomass upgrading portfolio because it is feedstock-
flexible and can produce a bio-oil from most carbon-based resources. The long-standing challenge is in 
converting that bio-oil to useable fuels or chemical products at an economically viable cost. The research 
effort of this program is appropriately directed mainly toward bio-oil upgrading.  

Management: The management structure, including individual task leads, is clearly identified, with an 
appropriate communication strategy. The management team has identified and continues to identify 
risks, and they outline appropriate mitigation strategies. There is a strong connection between the CFP 
program, enabling projects (TEA, ACSC, etc.), the CCPC, the feedstock consortium, the IAB, and 
industry partners. The multi-lab organizational structure with identified POCs at each are clearly 
identified. This hierarchy is sensible and well thought out. There are no significant weaknesses in the 
management of this project.  

Approach: The presentation highlighted a comparison of in situ CFP and various ex situ methods, 
ultimately finding that ex situ hydrotreating bio-oils in a packed bed was the most carbon-efficient. 
Research in this space led to the identification of a low-loading Pt/TiO2 catalyst, which is effective for 
bio-oil upgrading. Importantly, the team relies on strong electrostatic adsorption to increase and stabilize 
Pt dispersion, making this formulation far more economic than previous generations of upgrading 
catalysts. Research has been aimed at reducing risk and diversifying feedstocks, which are appropriate 
directions. The team identified an increase in MFSP and found that simultaneous scale-up and process 
refinement would be necessary to meet MFSP targets in 2022, so it has pivoted to a strategy of providing 
stabilized bio-oils as a direct input to refinery hydrotreaters. This is a reasonable direction for near-term 
economic viability.  

Impact: The shift in scope allows the team to potentially provide biogenic inputs to refineries for the 
production of fuels and chemicals, which is increasingly in demand. The team has been active in 
publishing and presentations, they have an impressive intellectual property portfolio, they have created 
partnerships with industry, and they have created multiple spin-offs that leverage technology from CFP 
program.  

Progress and outcomes: The team is commended for improving analytics to close carbon balances. Bio-
oils and their derivatives are poorly characterized, so better analytical methods is a significant advance 
for the field. Although this led to a pivot away from stand-alone hydrotreating, it is an important 
outcome for pyrolysis research, and the work also identified a potential revenue stream of oxygenated 
coproducts. The team has made considerable progress in scaling and improving catalyst activity and 
durability. They have generated 10 L of (treated?) bio-oil, impacting programs throughout BETO. They 
have also shown that smaller TiO2 particles improve both activity and on-stream stability, a significant 
outcome for a bio-oil hydrotreater. Finally, the work on demonstrating feedstock flexibility using mixed 
forest residues instead of relatively clean model feeds is extremely important because full-scale 
processes will necessarily use lower-grade feedstocks. This project has built foundational knowledge in 
catalysis. One of the most important outcomes is the description of potassium-induced deactivation. This 
was a good demonstration of the impact of interfaces with enabling programs in ACSC, CCPC, and 
CDM. Data have enabled the development of finite element method models that are able to build heat 
and mass transfer into full-scale CFP reactor models. The project will result in a technology report, 
which will be a great benefit to the field. 
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PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their excellent feedback, and we appreciate the positive comments related to 

our project’s management structure, approach, progress, and impact. As highlighted by the reviewers, the 
successes of this project have resulted in notable advancements in both foundational science and applied 
engineering, which have translated into significant improvements to the SOT for CFP. These 
advancements have been a result of a coordinated research effort spanning multiple laboratories and 
consortia, and we would like to acknowledge our many collaborators for their contributions. We also 
agree that additional research is needed in this technology area. In that context, we offer the following 
responses to clarify certain elements of our research approach and summarize our plan moving forward:  

o The Pt/TiO2 catalyst was downselected due to its ability to promote deoxygenation while 
maintaining comparatively high carbon yields relative to all other catalysts evaluated, and we agree 
that catalyst cost and Pt availability are important factors in the overall process economics and 
viability. To help mitigate these issues, past research in this project has focused on adapting 
synthesis techniques to enable a reduction in Pt loading from 2.0 wt % to 0.5 wt %, which 
translated to a decrease in material cost from $805/kg to $204/kg, as estimated utilizing the 
ChemCatBio CatCost™ tool. Moving forward, our team is also developing catalysts that do not 
contain noble metals (e.g., Mo2C, material cost $62/kg). We have demonstrated the ability of these 
lower-cost materials to effectively upgrade pyrolysis vapors, and ongoing research is focused on 
developing regeneration procedures for this promising class of catalyst.  

o We agree that carbon intensity is a critical metric for assessing technology pathways. Based on the 
most recent SOT report, the NREL ex situ CFP process achieves an 83% reduction in greenhouse 
gas emissions compared to fossil-based pathways. Additional information, including comparisons 
to other pathways, can be found in a publicly available report at OSTI.gov titled Supply Chain 
Sustainable Analysis of Renewable Hydrocarbon Fuels via Indirect Liquefaction, Ex Situ Catalytic 
Fast Pyrolysis, Hydrothermal Liquefaction, Combined Algal Processing, and Biochemical 
Conversion: Update of the 2019 State of Technology Cases. Technical progress toward other 
quantitative targets (e.g., process carbon yield, bio-oil oxygen content, MFSP) are summarized in 
annual reports that are also available at OSTI.gov.  

o As the reviewers correctly point out, durability is an important issue for all biomass conversion 
pathways. Through research in this project, we have demonstrated stable performance over 250 
hours TOS using clean pine feedstocks. We have also worked collaboratively with the 
ChemCatBio enabling projects to provide foundational, atomic-level insight into potential 
deactivation mechanisms associated with inorganic compounds found in lower-cost forest residue 
feedstocks. Through this collaborative research, we have identified promising mitigation strategies, 
including the use of inexpensive guard beds and water washing. Further research in this important 
area is a priority for ongoing experimental campaigns, and updated data will be included in an end-
of-year report.  

o We agree with the reviewers that there is an opportunity for this project to address a near-term 
demand for biogenic refinery feedstocks, and we intend to build upon our existing research to 
produce high-quality bio-oils tailored for refinery coprocessing. Within this scope, an important 
goal will be catalyst and process development to create routes for the conversion of lignocellulosic 
feedstocks to renewable diesel and sustainable aviation fuels. As part of this effort, we will apply 
our comprehensive analytical capabilities to clearly establish bio-oil quality specifications for 
refinery insertion points of interest and leverage our existing partnerships and collaborations to 
drive research to commercially impactful outcomes. 
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CONDENSED PHASE CATALYSIS TECHNOLOGY FOR FUELS 
AND CARBON PRODUCTS 
University of Tennessee 

PROJECT DESCRIPTION 
The project’s main objective is to maximize biomass 
use to simultaneously produce fuels, chemicals, and 
materials. The goal is to separate biomass into high-
purity streams of its three main components—
cellulose, hemicellulose, and lignin—in an integrated 
process. This enables great flexibility in the fuels and 
chemicals produced and supports combining our 
technology with other downstream conversion processes. Our gamma-valerolactone (GVL)-based biomass 
conversion platform enables a true biorefining capability that shares traits with petroleum refining. In brief, a 
variety of biomass types (including mixes) are deconstructed and fractionated into intermediates that are 
further refined into products. Converting the entire “biomass barrel” to products decreases unit production 
costs by allocating fixed and variable costs across an increased product volume. Because the economics to 
produce fuels are so challenging, valorizing all the biomass is essential. We converted the biomass into 
activated carbon products (from lignin), furfural (from hemicellulose), and fuels (from cellulose and 
hemicellulose). According to this objective, we have accomplished the following: 

1. Used a biomass-derived solvent GVL to fractionate multiple bioenergy crops to produce high-purity 
fractions (>90%) of cellulose, hemicellulose, and native lignin at low cost and high concentration (>20% 
biomass). 

2. Produced high-value activated carbon products from unique, high-purity, GVL-derived lignin that 
reduces the cost of the biofuels. 

3. Established an intermediate chemical from the hemicellulose (furfural) to reduce the cost of cellulosic 
ethanol <$3 GGE using established models. 

4. Converted hemicellulose and cellulose to aviation fuel (alkenes) via intermediate chemicals derived from 
biomass polysaccharides (i.e., furfural, levulinic acid). 

5. Demonstrated the techno-economic viability of the integrated processes. 

We obtained the necessary basic knowledge and validation to start more detailed engineering work to attract 
funding for a pilot- and demonstration-scale project. Our previous work has proven the performance of our 
process at the laboratory scale for each component (TRL 3). Our integrated processes demonstrated realistic 
conditions (TRL 5) necessary for scaling up. 

WBS: 2.3.1.413 

Presenter(s): David Harper 

Project Start Date: 08/01/2018 

Planned Project End Date: 03/31/2021 

Total DOE Funding: $1,400,000 
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Photo courtesy of University of Tennessee 

COMMENTS 
• All elements are managed well, as multiple aspects had to come together to meet success. This seems to 

be the smart approach, as direct biomass conversion as a whole is challenging to get economics on par 
with petroleum fuels and much value-added mass is lost in the direct conversion. The impact could be 
substantial based on the economic analysis to date and the fact that the teams can obtain clean materials 
for further conversion. The solvent cost and recycle recovery are key to impact. There are no major 
issues with their progress and outcomes. The team has made excellent progress on the original goals to 
provide separated feedstocks at high quality. The fact that the solvent is sourced from the biomass and 
shown to recycle with good recovery is solid and is a key result the team has achieved. Also interesting 
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is the lighter color of the lignin versus typical lignin recovered from other commercial processes 
practiced currently. Poplar lignin is one source that provides low color. Was this biomass from poplar? 

• The separation of lignin, cellulose, and hemicellulose is practiced widely with known technology. It is 
not clear that the GVL extraction produces better yields or purities of these materials; where is the 
advantage? The high-surface-area lignin (4,497 m2/g) could be very useful as a precursor to activated 
carbon, a biocarbon, or as a filtration material. Are you looking into the conversion of the lignin to 
activated carbons? The production of a high-value activated carbon seems to be the most attractive path 
for this technology to be commercially viable. That may not interest GlucanBio, but others may be 
interested. 

• The key goals of this project are presented on slide 2 and the quad chart (slide 29) to separate biomass 
into high-purity streams of cellulose, hemicellulose, and lignin that enable easy conversion to 
hydrocarbon fuels (meeting the $3/GGE target), high-value carbon products, and chemicals. The KPI 
associated with the goals are >20% co-biomass, >90% C5 deconstruction stream, >90% C6 
deconstruction stream, >95% lignin deconstruction stream, >98% pure furfural, >96% pure cellulose, 
and >98% pure lignin. The tasks and roles are divided and clearly assigned between the University of 
Tennessee and the University of Wisconsin, with Task 2 belonging to GlucanBio. The risks were not 
identified along with the mitigation actions. The KPIs mentioned can be regarded as milestones because 
no intermediate targets were provided. The communication between teams was not clarified, as well as 
the engagement with the industry partner, GlucanBio. The project has no apparent IAB interactions to 
deal with the chemical product considerations. The year-two process configuration approach, having the 
GVL produced internally to the process and focusing on very narrow distributed saturated butene trimers 
into the jet fuel market as C12, seems more attractive. Further, the specialized carbon precursor materials 
could advance the SOA in the anode market. The SOA to compare this work is not obvious. There was 
definitely advancement from the original conceptual design proposed the first year of the project. The 
work supports the BETO and technology area mission of developing and demonstrating transformative 
and revolutionary bioenergy technologies for a sustainable nation, as well as the BETO goals to develop 
commercially viable bioenergy and bioproduct technologies. The project supports the Conversion R&D 
SMART Goal for 2021, completing the R&D necessary to set the stage for a 2022 verification that 
produces both fuels and high-value chemicals to enable a biorefinery to achieve a positive return on 
investment. The project addresses several key barriers in Synthesis and Upgrading—Ct-H. Efficient 
Catalytic Upgrading of Sugars/Aromatics, Gaseous and Bio-Oil Intermediates to Fuels and Chemicals 
and Integration and Intensification Challenges. The approach of generating pure streams to make high-
quality fuel and chemical products has been a cornerstone processing philosophy for decades within the 
chemical and hydrocarbon processing industries, so there is not much innovation from the design 
premise standpoint. When finally applied, a narrowly distributed alkane jet stream could be innovative 
and even command more of a premium than currently exists. The amount of unit operations in the 
process continues to make this process unattractive from a complexity index standpoint. The GVL 
solution was a great example of how to continue to intensify the operations. The team appears to 
understand the impact of their project work on the scalable needs of the bioenergy community, as well as 
the goals and challenges cited by BETO in the Multi-Year Program Plan, particularly in the area of 
lignin valorization and chemical production. This project definitely has commercial potential outside of 
only working with GlucanBio. There are no clear industry engagement or ties mentioned in the work to 
show interest. The project was able to accomplish the goal of separating several pure streams on 
schedule. The team was able to show cycle recovery of the GVL solvent in the fractionation work where 
all the milestones were met. The activated carbon work was impressive, with 4,500-m2/g surface area 
materials produced in one step from readily available lignin derived from kraft pulping commercial 
operations. It is important to keep optimizing the GVL-based systems for high-surface-area carbon 
production. Space velocities for GVL conversion and oligomerization are quite low. The team should 
report the net present value metric for such an intensive CapEx. The role of supercapacitor carbon was 
quite important to swing the economics positive. The mild coking and deactivation on ZSM-5 when 
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passing butenes should be discussed as well. The team should investigate doing a TEA based on a 
process flow diagram instead of a block flow diagram, allowing for the next level of processing detail to 
enter the discussion. All of the milestones have been reached. The risk mitigation plan for GVL-
activated carbon optimization was not discussed because there were no quantitative targets established in 
the beginning of the project concerning this coproduct quality. 

• The overarching goal of this project is to fractionate biomass into high-purity streams to enable cost-
effective selective upgrading. The project will use a biomass-derived solvent (GVL) to enable 
fractionation. Fractions are converted into furfural, cellulose (and derivatives like levulinic acid, GVL, 
and aviation fuels), and lignin-based carbon products. The target goal is $3/GGE fuels. The carbon 
products and furfuryl alcohol are interesting and high value, but it is unclear if their market volumes are 
commensurate with aviation fuels. Their near-term impact as a coproduct may be limited, but there is 
certainly considerable long-term potential.  

Management: The management strategy is clearly outlined, with task leaders appropriately designated 
based on expertise. These cover all the bases of a biorefining process, including feedstock selection and 
analysis, fractionation, upgrading, product testing, and TEA.  

Approach: The technical approach is based on using valerolactone solvent to aid in the fractionation and 
upgrading of biomass. The team has considered the impact of feedstock variability using three 
feedstocks in isolation and in combination—switchgrass, poplar, and yellow pine—all of which are 
relevant. The overall goal is to maximize biomass loading, minimize degradation in conversion steps, 
minimize separation burdens, and recycle the valerolactone solvent. There is a clear identification of 
potential challenges and risks, as well as potential resolutions. The team is producing furfural (and 
derivatives) from C5 sugars, levulinic acid (and derivatives) from the C6 fraction, and carbon products 
from lignin. The team is leveraging high-value coproducts to decrease the MFSP of fuels. The project 
has a stated focus on stability during integration, which is presumably associated with impurity 
carryover. This is an important aspect to consider in an integrated process.  

Impact: This process has demonstrated the ability to handle high biomass loadings and operate at mild 
conditions. The former, in particular, is critically important to production cost, so maximizing solids 
loading is an important impact. The solvent employed is bio-derived, nontoxic, and recyclable. The team 
has also demonstrated that their fractionation and upgrading strategy is effective at converting 80% of 
input biomass into various products at their stated purity specification. Efficacy demonstrations for 
integrated processes are still lacking in the biomass processing field, so this is an important impact.  

Progress and outcomes: The team has made considerable progress in integrating and scaling this solvent-
based fractionation strategy for selective biomass upgrading, achieving specific milestones during the 
project. The conversion of lignin into carbon-based products is welcome considering the impact that 
lignin valorization has on the MFSP of advanced biofuels. In this area, the team has demonstrated the 
production of battery-grade graphite and carbon quantum dots, which are both high value. There has 
been considerable effort at integrating the various steps in this process, which is critically important in a 
cascade like this because it reveals the degree of purification required between each unit operation. 
Overall, the technology seems relatively robust. Furfuryl alcohol and lignin-based carbons are both 
probably viable commercial products now. GVL to jet fuel may not be entirely cost-effective yet, but 
with the forecast demand for aviation fuel, having a biogenic route is attractive, nonetheless. The group 
has achieved the project target of producing liquid alkenes below $3/GGE. 

• This project aims to develop an integrated process that can separate biomass into high-purity streams of 
its three main components: cellulose, hemicellulose, and lignin. Achieving the project goal could help 
develop more comprehensive processes that produce high-quality feedstocks, which is critical for 
catalysis. The team is managed properly and has shown the success of achieving their goal. The 
utilization of a bio-based solvent seems to be interesting, and it would be beneficial if we could better 
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understand mechanisms and design more solvents that can benefit from the reactions or separations. 
Similar bio-based solvents could be high-value coproducts too. 

PI RESPONSE TO REVIEWER COMMENTS 
• Yes, the hardwood feedstock was from a hybrid poplar (Populus spp.) grown specifically as a bioenergy 

feedstock. The material was harvested, cut, and debarked prior to size reduction at the University of 
Tennessee. The difference in color is most likely the low degree of oxidation and condensation compared 
to other processes, such as the kraft process.  

• This is an excellent point. In our analysis, we are completely converting the lignin stream to 
supercapacitor carbon, resulting in the annual production of 47.3 kilotonnes; however, the total market of 
supercapacitor carbon in 2019 was 218 kilotonnes, which is expected to increase fivefold by 2027 
(assuming the price to be $15/kg). Still, a single biorefinery supplying 22% of the total supercapacitor 
carbon production may be too risky. Further, the energy requirements of the process are met by 
combusting natural gas, making the biorefinery net carbon positive. We recognize that careful analysis is 
needed regarding splitting the lignin stream so that a portion of the stream is used to produce a variety of 
carbon products (e.g., quantum dots, supercapacitor carbon, filtration material), and the other portion is 
used to satisfy part of the energy requirements to balance the economic and environmental trade-offs. 
Nevertheless, our analyses suggest that valorizing lignin to produce carbon products can enable 
biorefineries to achieve a higher return on investment. The amount of unit operations in the process 
continues to make this process unattractive from a complexity index standpoint. The GVL solution was a 
great example of how to continue to intensify the operations. The process flow diagram still shows many 
unit operations, but almost all the separation/purification steps have been removed. Even though each 
catalytic reaction has been separated in the process flow diagram for clarification, many of those can be 
(and have been) integrated already. For example, the hydrogenation of furfural to furfuryl alcohol, the 
conversion of furfuryl alcohol into levulinic acid, and the hydrogenation of levulinic acid are three 
blocks, but they can be performed in a single reactor with three catalytic beds and three temperature 
sections. The conversion of GVL to alkenes is also integrated.  

• Professor Dumesic and other groups are studying the mechanism and exploring other similar solvents, 
but that work is out of the scope of this project. In this project, GVL was chosen because it can be the 
solvent for all the reactions involved, and it is directly converted into the final products (butene and, 
finally, C8–C12 alkenes), eliminating the separation steps. The use of other solvents would be possible, 
but the intermediates/process diagram should be different to avoid the separation issues.  

• Most of the processes proposed in the literature seem to be technically viable but not economic. The 
yields/purity reported typically exceed 90%, so there is no room for improvement there. The current 
project aimed to obtain a similar yield (near 90%) simultaneously for all three fractions. (Notice that 
from the same biomass, we produce cellulose, hemicellulose, and lignin at high purity and high yield. In 
other processes, only cellulose, hemicellulose, or lignin may be optimized to get one or two products at 
high yield, but they lose the value of the third.) And we are working at economically attractive 
conditions (i.e., high biomass loading, high biomass flexibility in terms of size and nature, minimal 
separation steps because the solvent is the final product, and solvent recovery and reutilization).  

The advantages of GVL as a solvent can be summarized as follows: (1) It works with a variety of 
biomass types and requires no biomass pretreatment (drying or size reduction beyond wood chips). (2) It 
works with a high biomass loading (~30 wt %). This significantly reduces equipment sizes, solvent 
losses, and downstream separation costs. (3) It has a high boiling point, which allows low-pressure 
digestion. This is critical to achieve high biomass loadings in a continuous process reactor and to 
minimize evaporative solvent losses. (4) The biomass deconstruction occurs at very mild process 
conditions, so the lignin produced has a less condensed structure, has high purity, and retains its value as 
a precursor for high-value polymer, carbon products, or aromatics. This is an economic game changer 
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compared to burning lignin as fuel. (5) Post-digestion, clean cellulose, and hemicellulose fractions 
enable independent stream coprocessing under optimum conditions to maximize their product value. The 
cellulose has a very high purity and has utility for other conversion technologies. (6) To offset GVL 
losses, the process design makes GVL in situ as a process intermediate. This reduces and eliminates 
separation steps because biomass-upgrading reactions occur within the GVL. The GVL itself, one of the 
final intermediate products, is a suitable intermediate for liquid fuels, so the solvent recovery/separation 
is unnecessary. Eliminating separation steps improves the process economics, minimizes the solvent 
losses, and decreases/eliminates GVL purchasing costs. (7) It enhances acid-catalyzed dehydration and 
hydrolysis reactions, both critical to biomass conversion. (8) GVL or its derivatives do not react with 
biomass-derived products or impurities, such as what happens with other solvents like ethanol, glycerol, 
or tetrahydrofuran. This reduces the solvent losses. (9) It has a low heat of vaporization (25% that of 
water) to reduce energy costs. (10) It is safe, does not have a foul odor, and is a food additive when used 
in low concentrations.  

We are continually working on process optimization for converting lignin into activated carbons. Some 
material characterization was not completed on time for this review for the produced activated carbons. 
We are in the process of applying them as the electrodes in supercapacitors and batteries for energy 
storage. Also, we are testing these carbons as adsorbent for methylene blue and heavy-metal removal. 
Even though it is beyond the scope of this project, softwood kraft displays promise as an absorbent for 
methyl mercury because the thiol groups are produced upon further reduction. 
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INTENSIFIED BIOGAS CONVERSION TO VALUE-ADDED 
FUELS AND CHEMICALS 
University of South Florida 

PROJECT DESCRIPTION 
The overarching goal of this project is to convert 
biogas obtained from landfills or anaerobic digesters 
to hydrocarbon fuels and chemicals. The specific goal 
is to develop an intensified process to reduce CapEx 
and enable a 15% reduction in MFSP relative to SOT. 
This project also aims to diversify products from 
biogas conversion and minimize flaring. The project 
management plan allows each organization to focus on its core capabilities to enable rapid catalyst and process 
development. The project leverages DOE resources, including ChemCatBio. The development is accelerated 
by an iterative, multifaceted approach to R&D challenges. Activities focus on critical success factors by 
addressing the go/no-go criteria and reducing project risks. The approach is to integrate catalysts tuned to 
specific reactions into the same reactor bed. The project, so far, has doubled the single-pass production non-
methane hydrocarbon products compared to the SOT. Gains are obtained via catalyst development, 
concurrently to minimizing the use of precious metals and the tuning of conditions. It is anticipated that the 
inherently improved heat and mass transfer will reduce both costs and fossil fuel greenhouse gas emissions 
compared to alternatives. The project addresses several BETO barriers, such as increasing yields from catalytic 
processes, decreasing the time and cost to develop novel industrially relevant catalysts, and improving catalyst 
lifetime. 

 

 

WBS: 2.3.1.414 

Presenter(s): John Kuhn 

Project Start Date: 10/01/2018 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $1,836,459 
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Photo courtesy of University of South Florida 

COMMENTS 
• The project management is solid, and no issue is seen. There is no issue with the approach because 

landfill gas is a significant issue for the environment, and better utilization of the gas for fuel 
implementation—although used to generate electricity today—has been scattered. It is difficult to see the 
impact being substantial, with low yields to date and the target for the end of the project of 10% at the 
bench scale. As with most processes, converting syngas and scaling up is the big challenge down the 
road, even if they can achieve their current target. Progress seems slow, and the outcome to have a major 
impact in the future seems challenging; however, there is some nice work overall on catalyst and process 
development. 

• The goal is very attractive, and the approach of using the different capabilities seems appropriate. Is a 
10% C2 yield an interim target? The process likely needs to achieve a much higher yield to be 
economically viable. What does “conventional” dry reforming and Fischer-Tropsch provide? The 
Fischer-Tropsch and steam methane reforming (SMR) reactions operate at very different conditions, as 
stated. Can CH4 activation ever be fast enough to be used at Fischer-Tropsch temperatures? (I think not.) 
Would a layered SMR catalyst in the stacked-bed configuration be a better choice because the Fischer-
Tropsch products would not see the SMR catalyst? The attention to small-scale applications is 
appropriate because landfill and anaerobic digester gas are found in very small quantities. The two 
processes are incompatible, and putting them together would need a still lower temperature (<225°C) 
SMR catalyst. 

• The goal of this project is to develop technology for directly converting biogas (CO2 + CH4) to a range 
of hydrocarbon products. The intent is to use an intensified process operating at mild conditions for a 
reduction in MFSP relative to the SOT. Traditional processes are high CapEx and not appropriate for 
small scales, where biogas is usually generated.  

Management: The project management structure is clearly outlined. USF and NREL, respectively, lead 
efforts in (1) synthesis and reactions and (2) characterization and design. NREL is also providing 
LCA/TEA support. These roles are appropriate considering the expertise of the various partners. The 
team has outlined a reasonable risk identification and mitigation plan. I was impressed that they are 
interfacing with such a large group of potential stakeholders, which is important for successful 
technology transfer. Overall, there are no concerns with respect to project management.  

Approach: The conventional process for biogas upgrading would use a multi-reactor train that includes a 
reformer, a shift reactor, separations, purification/cleanup, and a Fischer-Tropsch or methanol synthesis 
reactor. Classically, this is a capital-intensive process, and the integration between unit operations is 
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difficult. The team proposes an intensified process with integrated—e.g., water-gas shift (WGS) and 
FTS-type chemistry—which decreases CapEx for reactors and heat exchangers, increasing distributed-
scale viability. The team proposes coupling autothermal reforming with FTS in an intensified process, 
which is an interesting coupling because reforming is endothermic and FTS is exothermic, suggesting a 
possible coupling of the two. The core concept is the use of composite, layered catalysts that will enable 
reforming and FTS under similar conditions. It is an interesting concept whereby exothermic FTS in a 
zeolite-based outer shell could potentially drive endothermic reforming in an inner shell. Importantly, 
pore dimensions in the outer shell would generally permit methane and CO2 to reach the interior 
reforming catalyst to produce syngas, which can then diffuse out to the FTS shell and form larger 
hydrocarbons. Once formed, these would be prevented from diffusing to the reforming core. The team is 
exploring various mixed- and stacked-bed configurations.  

Impact: A distributed-scale technology for converting biogas into liquid hydrocarbons would be very 
high impact, so there is considerable potential here. One could imagine this as a way to reduce 
greenhouse gas emissions by converting methane and CO2 into fungible liquid products while also 
creating a revenue stream for biogas producers beyond localized heat and power. The team is integrated 
with local stakeholders and potential technology adopters.  

Progress and outcomes: This is a relatively early-stage project, but the team is already approaching their 
goals of higher hydrocarbon yields during biogas conversion. They have shown promising results in 
tuning bimetallic and promoter-doped catalysts for low-temperature methane reforming. They have also 
illustrated that they are able to prevent the reforming of large hydrocarbons (typically anticipated in a 
Fischer-Tropsch reactor) by varying the width of the zeolite shell. This is attributed to a longer diffusion 
path length, which is reasonable. The team is now designing new Fischer-Tropsch catalysts intended to 
operate outside of typical low-temperature, high-performance conditions and would be compatible with a 
reforming catalyst. Their characterization and activity testing work has provided fundamental insight 
into the nature of catalyst performance, and they have begun examining on-stream stability. They have 
initiated various types of bed combination strategies (mixed, stacked, multiple stacked, etc.), and results 
to date are informing TEA/LCA. Overall, this project has a fundamentally interesting core concept—
designing layered catalysts to couple reforming and FTS in a single pellet. It is challenging, but high 
reward if successful. 

• The key specific and measurable goal of the USF project is presented on slide 2 to develop the biogas-to-
liquid (BGTL) process reducing CapEx and MFSP by 15% relative to the SOT and on the quad chart 
(slide 3) to develop a multifunctional catalyst to produce fuels and chemicals from biogas within an 
intensified process. The catalyst goal does not have any quantifiable targets. The goals seem 
aggressive—developing a catalyst and an intensified process simultaneously with a single partner. The 
ChemCatBio/NREL team is leveraged to complete the catalyst characterization and TEA/LCA tasks, 
which makes the project more achievable. This is a good management approach. The critical path tasks 
and roles are clearly defined. Key milestones include 100 hours TOS using real feeds and a 25% 
reduction in MFSP versus the SOT. The challenge of upgrading biogas of 1:1 CH4:CO2 makes the path 
to chemicals more attractive. The team identified several key risks: carbon yield, economics, 
oligomerization control, operational reliability, and real feed impurities. The mitigation actions involved 
were not as clearly explained. This milestone is more aggressive than one of the project goals. The team 
appears to have weekly meetings, quarterly DOE meetings, and regular industry input focused on the 
go/no-go criteria and project goals. The original plan of working with Big Ox Energy did not work out. 
Local and regional partners have been selected. The SOA process approach involved an SMR unit to 
produce hydrogen-rich syngas followed by a Fischer-Tropsch unit. This approach involves combining 
SMR and Fischer-Tropsch into one catalyst, which will make the process more intense and more 
efficient, advancing a clear DOE agency-level goal. The approach is to accomplish these traditional unit 
operations at the particle scale using concentric shell volume chemistry, where smaller syngas molecules 
reform in the inner core and oligomerize on the way back out of the particle. This approach actually fits 
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into the engineered structure approach often used by commercial catalyst manufacturers to create 
extrudates and pellets, thus advancing the SOA for catalyst design as well. It would be nice to have a 
journal reference mentioned here supporting the concept and bolstering the idea. There should also be a 
strong approach rooted in intraparticle diffusion and heat and mass transfer analysis to clearly show the 
competing timescales for locating the optimal operating conditions. The stacked-bed and mixed-bed 
configurations are an excellent mitigation strategy just in case the multifunctional catalyst approach does 
not reach the targets. The BGTL process clearly advances and supports the BETO and technology area 
mission of developing and demonstrating transformative and revolutionary bioenergy technologies for a 
sustainable nation, as well as the BETO goals to develop commercially viable bioenergy and bioproduct 
technologies. The project supports the EERE Strategic Plan goal of enabling a high-performing, results-
driven culture through effective management. The BGTL project supports and advances the Conversion 
R&D SMART Goal by 2021, completing the R&D necessary to set the stage for a 2022 verification that 
produces both fuels and high-value chemicals to enable a biorefinery to achieve a positive return on 
investment. The project addresses several key barriers in Synthesis and Upgrading—Ct-H. Efficient 
Catalytic Upgrading of Sugars/Aromatics, Gaseous and Bio-Oil Intermediates to Fuels and Chemicals, 
and Integration and Intensification Challenges—Ct-J. Process Integration (2), identifying impacts of 
inhibitors and fouling agents on catalytic and processing systems. In support of the Synthesis of 
Intermediates and Upgrading initiatives, BGTL is supporting the upgrading of bio-oils and syngas within 
the Chemical Conversion to Intermediates and Products subprograms. Finally, BGTL supports BETO’s 
push for novel technologies by pursuing research on innovative technologies that can broadly enable the 
conversion of feedstock to fuels and products. The use of intensified auto-thermal reforming technology 
has been around for at least two decades in microchannel applications. The use of the tri-reforming FTS 
catalyst formulation to BGTL makes it potentially more innovative. Even more, combining auto-thermal 
reforming and Fischer-Tropsch in a process-intensified engineered structure at the particle level is a leap 
in innovation, and controlling the intraparticle heat and mass transfer gradients would be a breakthrough. 
The team has a very good and impressive understanding of how important the success of this project will 
be for BETO and the bioenergy industry at large, not only by reaching MFSP and efficiency targets but 
also with respect to waste stream management and byproduct stream revenue opportunities. The team 
will continue to train and graduate the next workforce; build industry partnerships; and publish, present, 
and apply for patents. The BGTL process has great commercial potential, and the project team has 
already started developing industry relationships regionally with both companies and municipalities. The 
network within ChemCatBio should be further leveraged to assist in this way. The nature of the current 
engagement with external stakeholders was not clarified. The team developed a low-temperature C-H 
bond-activating material at 723 K that was stable with moderate coke formation for 100 hours TOS. This 
was a very reasonable outcome, resulting in a 40% reduction in catalyst costs and energy usage. Control 
of intraparticle diffusion rates was demonstrated in a methane versus toluene activation experiment. The 
impact of indium promotion on iron dispersion and subsequent CH4 by-production was interesting, as 
was the subsurface lattice oxygen lability. The presence of surface methylene groups appears to be 
critical for optimizing the timescales required for multifunctionality. At low conversion, where heat and 
mass transfer gradients can be managed and, hopefully, intrinsic kinetics are apparent, the team was able 
to demonstrate high-temperature Fischer-Tropsch activity for 70 hours TOS, which proves the current 
SOA for the industry partners on the project operating the two-reactor traditional process. The team did 
not see yet any catalyst stability or deactivation with this C-H activation technique, which is a major 
accomplishment. The most promising result was the combination of all this work in a stacked-bed 
configuration at lab scale operating at 773 K generating C3 material at 65% conversion, proving the 
process intensity with this proven reaction engineering approach as the risk-mitigating action. 

• This project targets one type of very interesting biomass—biogas—and it is developing catalysts and 
processes that can convert biogas to fuels and high-value products. The team has a concrete management 
plan, and the progress is appropriate and could help BETO achieve its mission. The pandemic may 
impact the research progress, and it would be beneficial if the team would estimate the impact and 
develop plans to overcome it. The development of the core-shell catalysts seems to be interesting and 
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probably provides a way to integrate separation and reactions. It could be beneficial if the team could 
conduct some fundamental research on these catalysts, and it could be helpful if the team could interact 
with the enabling groups within ChemCatBio and the other projects working on zeolite-based catalysts. 

PI RESPONSE TO REVIEWER COMMENTS 
• Overall, we appreciate the time, effort, and input from the reviewers. We also thank them for the many 

positive comments. We have included brief responses below to places requiring responses from us.  

Yields: There were a few comments about yields. We note that yields are on a mass basis, and oxygen in 
CO2 is often a large component of the feed that does not end up in desired products. There are 
quantifiable yields that are part of the metrics for the project. The yields presented in the presentation 
and metrics are single-pass. It is possible that recycling would be used when implemented. As noted, this 
project is somewhat early stage, but it possesses potential for this application.  

Time frame: The pandemic did cause some slowdown. It is hard to quantify. In addition, some slowness 
was caused by the slow start to the project, which included delays by the verification visit in Budget 
Period 1. Related, we plan to publish papers on this topic very soon. The first ones are now in peer 
review.  

Challenges: We continually address the challenges of the ideal conditions for each reaction to be 
different. Codeveloping the catalysts to work toward similar conditions is a key differentiating 
component of this project. 
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LOW-PRESSURE HYDROGENOLYSIS CATALYSTS FOR 
BIOPRODUCT UPGRADING WITH VISOLIS 
Pacific Northwest National Laboratory and Visolis 

PROJECT DESCRIPTION 
In late 2017, ChemCatBio invited the industry to 
partner with national laboratories and leverage 
ChemCatBio capabilities. Visolis, a small company 
coupling bioengineering with chemical processing, 
answered the charge with a hybrid process to produce 
high-value monomers at near-theoretic yields. Visolis 
has previously demonstrated demonstration-scale 
(6,000-L) fermentation to produce an intermediate 
with low projected costs at a commercial scale. The 
development of hydrogenolysis to convert the bio-derived intermediate to the desired monomer was proposed 
to ChemCatBio. A major production cost in hydrogenolysis is the requirement for very high pressures—typical 
pressures for hydrogenolysis exceed 25 megapascals (MPa). In earlier work, Visolis and PNNL demonstrated 
complete conversion of the fermentation-derived intermediate with a selectivity exceeding 90% at 200°C and 
12.5 MPa, but facilities capable of operating at such high pressures are expensive. Lower hydrogenolysis 
pressures improve CapEx and OpEx. The Phase I objectives were met by demonstrating a stable and robust 
hydrogenolysis catalyst in FY 2020 for the conversion of the fermentation-derived intermediate to high-value 
monomer at >80% selectivity under 5-MPa pressure. Objectives of the current Phase II effort are to understand 
and develop mitigation strategies for the feedstock impurities on the catalyst stability and to engineer the 
catalyst to extruded form for scale-up studies. The team will also provide TEA for a pilot-plant design using 
Aspen Plus process models and discounted cash flow analysis. 

 

WBS: 2.3.1.700 

Presenter(s): Karthi Ramasamy; Asanga 
Padmaperuma; Corinne 
Drennan 

Project Start Date: 01/20/2018 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $785,000 
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Photo courtesy of PNNL/Visolis 

COMMENTS 
• There is excellent management of the program, and we applaud the biweekly contact with the external 

startup company. This is a model program that can be used as guide for working with startup companies 
and other small- and medium-sized enterprises. This is clearly a well-communicated program based on 
results. Using the expertise of national labs for the catalyst development partnered with Visolis and their 
unique fermentation production product (C6 fermentation product) was a win-win situation. The 
combinatorial study was the right approach. The only question I had was were any nickel (Ni) 
commercial-type catalysts used, which can often be substituted for Pt, but, of course, may require higher 
pressures? Having a fermented C6 oxygenate for conversion has a lot of potential for impact—either for 
future C12, higher branched fuel additives perhaps, or unique feedstock for high-value chemicals like 
branched C6 acids, which are not available in today’s market. Was selective reduction to aldehyde for 
use in aldol condensation considered for longer-chain material production? There is excellent progress 
on the catalyst, and the next steps are clear to reduce the catalyst loading, which is a key cost issue for 
Pt-based processes. 

• The key goal of this Visolis project is presented on slide 2 and the quad chart (slide 16) and was written 
well in a specific and measurable way to develop a C6 sugar/sugar alcohol hydrogenolysis catalyst that 
can operate at pressures below 700 psi. The project has two key project managers who are coordinating 
work tasks from the PNNL and Visolis teams, respectively. The roles are clearly defined. The team has 
identified critical KPIs and targets as P < 700 psi, TOS > 100 hours, and S > 85%. The risks and 
mitigation plans are not as clear, especially the criteria defined by Visolis as industrial-relevant. Key 
milestones include the cost-effective catalyst performing at all KPI targets with real impurities in the 
feed as extrudates. These are excellent, specific milestones. The communication appears to be frequent 
between PNNL and Visolis, with biweekly meetings and an annual face-to-face meeting. The approach 
of the Visolis/PNNL project is a great example of the accelerated catalyst and process development 
objectives of ChemCatBio. The goal is to accelerate lab-scale work to generate a pilot-scale process 
design package. This lab-scale acceleration is accomplished in Phase I by performing HTS, 
downselecting the most promising formulas and optimizing in a flow reactor while simultaneously 
checking TOS and stability, followed by pilot-scale, front-end design with model feedstock. The team 
should state if CCPC and ACSC are involved in preliminary catalyst recipe generation for HTS and 
whether the process is de-bottlenecked by including high-throughput synthesis activities as well. This is 
followed by Phase II work, which involves real feeds, extrudates, more TOS testing, and TEA 
modifications. This approach will definitely advance the art of hydrogenolysis catalyst formulations, 
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most likely resulting in intellectual property creation as well as meeting ChemCatBio and BETO’s 
objectives. The project supports and advances the BETO and technology area missions of developing 
and demonstrating transformative and revolutionary bioenergy technologies for a sustainable nation, as 
well as the BETO goals to develop commercially viable bioenergy and bioproduct technologies. The 
project advances the Biochemical Conversion Technology Area objectives pertaining to integrated 
conversion technologies by showing how new catalyst materials are moved into other BETO scaled-up 
system integration efforts. The Visolis/PNNL team does an excellent job of supporting the EERE 
Strategic Plan goal of enabling a high-performing, results-driven culture through effective management. 
The Visolis/PNNL project supports the Conversion R&D SMART Goal of by 2021, completing the 
R&D necessary to set the stage for a 2022 verification that produces both fuels and high-value chemicals 
to enable a biorefinery to achieve a positive return on investment. The project addresses several key 
barriers in Synthesis and Upgrading—Ct-H. Efficient Catalytic Upgrading of Sugars/Aromatics, Gaseous 
and Bio-Oil Intermediates to Fuels and Chemicals, and Integration and Intensification Challenges—Ct-J. 
Process Integration (2), identifying the impacts of inhibitors and fouling agents on catalytic and 
processing systems. The approach is innovative because it will deliver new catalyst formulations faster. 
More importantly, the approach is rooted in the traditional proper catalyst development steps, only 
carried out slightly quicker. The team did not express how big of an impact this work will have on the 
ChemCatBio objectives by showing compelling evidence for the acceleration development cycle 
proposal, which is exactly the type of validation work that was cited by the ACSC project as challenging. 
Most of the impact of the work appears to mainly benefit Visolis. Their core competence is rooted in 
synthetic biochemistry, so the partnership is a good fit. The project is directly tied to commercialization 
activities. The product has not been identified, so the full potential is unknown. It is assumed that there 
are not only negative CapEx implications with the higher pressures, but also some other penalty present 
that was not disclosed. The screening conditions were unknown, so the low-pressure objective may not 
have been the priority during this phase. It appears that the three development cycles—starting with 
monometallic, bimetallic, then support tuning—enabled a reasonable approach toward the selectivity 
milestone. The timescale of the work for combinatorial screening was not given, so it is hard to 
determine the catalyst design acceleration level. It was unclear how the excellent characterization work 
led to a new formulation cycle for HTS or for the flow reactor phase. The best results were presented on 
slide 12, which clearly and in a compelling way showed how the low-temperature Phase I catalyst 
performed much better at 4 MPa than the current SOA material at 13 MPa, which is the goal of the 
project, even for up to 350 hours TOS, which also reaches a key milestone. All of the Phase I objectives 
with model feeds have been achieved. It is important to understand what mitigation actions are in place 
when the extrudate version of the catalyst with real feeds are tested and the performance is 
compromised. The product streams were not disclosed. 

• This DFA project supports the commercialization of lower hydrogenolysis for bioproduct upgrading. 
The major goal of the current effort is to understand and develop mitigation strategies for the feedstock 
impurities on the catalyst stability and to engineer the catalyst to extruded form for scale-up studies. 
Using a combinatorial strategy, the team developed the hydrogenolysis catalyst that meets their goal. It 
would be interesting to see how stable the catalysts can be in hundreds of hours. It would also be 
interesting to see how well the process can be scaled up. It could also be beneficial if the process can be 
modularized so that it can produce multiple high-value products to shelter the company from any 
possible big fluctuations of the market. 

• This is a Phase II DFA collaboration between PNNL and Visolis; the goal is to develop a stable and 
selective hydrogenolysis catalyst that can operate at low pressures to convert a C6 intermediate to a high-
value chemical monomer. The work is aimed directly at reducing the risk and cost for bioproduct process 
commercialization. This project is a great fit, allowing the commercial partner (with expertise in 
biosynthesis and metabolic engineering) to leverage catalysis expertise within ChemCatBio.  
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Management: The management structure and project position within the ChemCatBio space is well 
defined. The management hierarchy as well as the roles of individual players are clearly outlined. Each 
critical direction has an appropriate liaison in the relevant lab or industry partner.  

Approach: The team is using high-throughput experimentation to quickly screen for appropriate 
materials, which are then deployed for optimization in a flow reactor. This seems a practical approach 
considering the pressure to identify a cost-effective catalytic upgrading strategy for a startup. The team is 
performing stability testing for >100 hours TOS, which is a good start for preliminary screening. 
Ultimately, studies may need to go beyond this time frame to de-risk scale-up, but it seems appropriate 
during initial screening for viable materials. Importantly, during Phase II, the team is placing stronger 
emphasis on impurity tolerance, evaluating engineered catalysts, demonstrating stability, and translating 
these insights into TEA and de-risking scale-up for pilot implementation. The team is encouraged to 
consider stability at lower conversion because high-conversion testing can give a false stability of on-
stream performance.  

Impact: At the outset of the project, the commercial partner identified a preliminary catalyst that is 
inherently active, but it requires 13 MPa of H2 and is unstable, which makes it a nonviable catalyst 
according to TEA. The team has developed a new catalyst that works below the 5-MPa target and is 
more stable, directly impacting the MFSP for the Visolis product.  

Progress and outcomes: The team used a combinatorial approach to identify a synergistic promoter in 
bimetallic formulations while confirming that monometallic catalysts offer inadequate activity and/or 
selectivity. Combinatorial screening also facilitated tuning the catalyst support to improve properties, 
and the team developed a stable catalyst that is 85% selective and operates below 5 MPa. The efficacy is 
attributed to alloy formation, which is supported by energy-dispersive X-ray spectroscopy mapping, 
where it is observed that particle composition matches alloy stoichiometry. This project has shown a 
reasonable reduction in cost moving from Phase I to Phase II. The Phase II work plan seems reasonable 
and is focused on further mitigating deactivation and reducing Pt group metal loading, with an emphasis 
on transitioning to engineered catalysts and demonstrating >500-hour stability. 

• Although it is very good to team with small businesses, the presentation was a bit short on the kind of 
details a catalyst chemist wants to see. Nevertheless, the progress demonstrated for the catalyst life (350 
hours) is impressive. Knocking 17% off the CapEx and OpEx is a big deal. Scaling up from powdered 
catalyst to an extrudate is an appropriate next step. 

PI RESPONSE TO REVIEWER COMMENTS 
• The project team appreciates the insightful comments provided by the reviewers. First, we apologize for 

not being able to provide detailed information related to the product streams, technical information on 
catalyst formulations, and risks and mitigation strategies during the peer review process. This is due to 
the constraints of confidentiality with the industry partner. Once the novelty is protected by patent, our 
goal is to make the information available to the public and document all the information in the data 
management hub operated by ChemCatBio. The statements by the reviewers on the project approach and 
the Phase I outcomes were very supportive and encouraging. The reviewers stated, “The approach is 
innovative because it will deliver new catalyst formulations faster,” “The approach of the Visolis/PNNL 
project is a great example of the accelerated catalyst and process development objectives of 
ChemCatBio,” and “The approach will definitely advance the art of hydrogenolysis catalyst 
formulations, most likely resulting in intellectual property creation as well as meeting BETO’s 
objectives.” High-throughput synthesis, screening, and characterization capabilities at ChemCatBio were 
utilized during Phase I of this project to identify the catalyst for low-pressure hydrogenolysis and 
demonstrated Pt-based catalyst as the successful candidate. The non-Pt-based catalyst, such as Ni, 
performed inferior even at the elevated operating pressures. Also, low-conversion experiments were 
conducted on the powdered catalyst in Phase I to understand the reaction mechanism of this 
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hydrogenolysis chemistry. During Phase II, extended TOS experiments (>200 hours) at a low conversion 
level will be conducted on the engineered catalyst to demonstrate the catalyst stability performance. The 
goal of this project is to develop a low-pressure and water-tolerant hydrogenolysis catalyst to produce a 
specific high-value monomer from bio-derived intermediate, and we strongly believe the successful 
outcome of this catalyst development with fundamental understanding will facilitate the adoption of 
other biomass conversion technologies that are under the BETO portfolio. Also, this project supports 
ChemCatBio’s objective to identify and overcome challenges in hydrogenolysis catalysis and make an 
impact in converting biomass and waste resources into renewable chemicals. In addition to this 
hydrogenolysis process, Visolis is developing a few other chemistries toward producing fuels and 
chemicals using the same C6 fermentation-derived feedstock as a platform molecule. This will provide 
the opportunity for Visolis to adapt to the market demand and price fluctuations. 
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CATALYTIC PROCESS INTENSIFICATION OF BIO-
RENEWABLE SURFACTANTS PLATFORM WITH SIRONIX 
Los Alamos National Laboratory and Sironix 

PROJECT DESCRIPTION 
Surfactants are the key active ingredient in cleaning 
products, with long lists of additional builder 
ingredients added to boost function while maintaining 
product safety and shelf life. These builder chemicals 
increase product cost and volume and biodegrade 
poorly. Sironix Renewables has invented a new class 
of surfactants, called oleo-furan surfactants (OFS), 
which eliminate the need for these additional 
chemicals, reducing volume and resulting in a product that biodegrades readily. The OFS platform links the 
function of bio-based furan building blocks with natural oils to produce multifunctional and eco-friendly 
cleaning products. This technology gives improved performance, and by eliminating builder chemicals, it 
reduces the volume (and therefore packaging) by 30%. The end result is a reduction in overall energy 
consumption while producing a more environmentally friendly product. The Phase II joint research project 
with Sironix Renewables is designed to leverage the catalytic reaction engineering, catalyst development, and 
furan chemistry resources of ChemCatBio with the surfactants platform of Sironix Renewables to accelerate 
the DOE-invented and DOE Small Business Innovation Research-funded technology toward market 
commercialization. Technical goals include process improvements to achieve efficient scale-up of existing 
surfactants, the development of a new class of furan-based structures to address emerging market needs, and 
detailed TEA and LCA to measure market potential and environmental impacts. 

 

WBS: 2.3.1.704 

Presenter(s): Cameron Moore; Sheila 
Van Cuyk 

Project Start Date: 09/11/2017 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $1,031,076 



2021 PROJECT PEER REVIEW 

503 CATALYTIC UPGRADING 

 

Photo courtesy of LANL/Sironix 

COMMENTS 
• This is solid at the management level for the project. The joint work between Sironix and LANL to 

progress catalyst development is a smart approach considering the catalytic expertise of this government 
lab. The initial approach using fatty acids was not desirable considering that fats and oils already have a 
mature end use for fatty alcohol-based surfactants, which are natural. The future work to address these 
questions by the team using low-cost biomass oxygenate addition to furan could make this surfactant 
competitive with the existing petroleum-based surfactants and is more in line with the objectives and 
goals of BETO. Replacement of linear alkylbenzene sulfonate (LAS) surfactants in the detergents 
market, in my opinion, is too big a challenge, but it would have high impact if successful. Numerous 
technologies have been developed in the past to try and replace LAS, such as methyl ester sulfonates, 
and even higher-performing biodegradable branched LAS. There is insufficient information to comment 
on the statement that this new surfactant can replace both existing surfactants and chelants in one 
formulation; however, chelants do more than sequester calcium to avoid precipitation of surfactant, as 
stated by the team. A suggestion to the team is to try and find some higher-cost niche markets for faster 
entry into the market at lower volumes once a sound technical result is achieved. Beauty care surfactants 
may be a better target for replacement. Isethionate surfactants, which are the dioxane-free alternative to 
alcohol ethoxylated sulfates, range in price from $3,000–$5,000/ton. 

• The initial state of the project indicated that the process was getting a poor yield of unfavorable products. 
The 99% conversion with 98% selectivity for the reduction step is impressive. The project concern about 
the cost of natural oils may be misplaced. Many companies are investigating these for the production of 
renewable diesel, certainly a less valuable material (without incentives) than the surfactants that Sironix 
is pursuing. Thanks for answering this—we want a “tail” that is “tunable” in some ways to change the 
properties. 

• The key goals of the Sironix/LANL project are presented on slide 4 and the quad chart (slide 16) to 
develop cost-effective furan-coupling processing strategies for the production of hydrophobic tails based 
on TEA relative to the fatty acid SOA pricing. The team could benefit from including other KPIs in the 
goal, outside of price, to help guide the R&D, such as durability and the size constraint for critical 
reactor units. The project managers are not specified directly. The key tasks and roles are identified 
between the two partners. Two critical risks were identified as incomplete conversion and poor product 
quality, with mitigation actions mainly to do more catalyst and process design iterations to find the 
optimal solution. It seems like this project management could use the design cycle acceleration approach 



2021 PROJECT PEER REVIEW 

504 CATALYTIC UPGRADING 

to further align with the ChemCatBio objectives. The team provided an overall project timeline, with key 
milestones listed for Phase I: preliminary TEA, scale-up, and the final process design. The teams appear 
to interact monthly discussing risk issues. Because this is the case, there should be more than two project 
risk bullets provided. The approach is an iterative design cycle that closely mimics the ChemCatBio 
design approach (base chemistry, catalyst synthesis and characterization, flow reactor testing, surfactant 
production, and TEA), which results in unique, finished, comparable-performing surfactant formulations 
that will advance the SOA relative to fatty acid-based surfactants. The project will advance the BETO 
goals to develop commercially viable bioenergy and bioproduct technologies. The project has an 
opportunity to advance the Biochemical Conversion Technology Area objectives pertaining to integrated 
conversion technologies by showing how new catalyst materials are moved into other BETO scaled-up 
system integration efforts. The team does a reasonable job of supporting the EERE Strategic Plan goal of 
enabling a high-performing, results-driven culture through effective management. The project clearly 
advances and supports the Conversion R&D SMART Goal by 2021, completing the R&D necessary to 
set the stage for a 2022 verification that produces both fuels and high-value chemicals to enable a 
biorefinery to achieve a positive return on investment. It is still not clear how clean the raw feed streams 
need to be in order for this project to be economically successful. The Phase II timeline did not mention 
work with real raw feedstocks. The approach is innovative because it will result in new surfactant 
designs and corresponding processes with competitive economics. The team has been recognized as a 
bronze R&D 100 Award finalist and understands the impact that this technology will have on the 
biodetergent industry. The team’s understanding of how their work will impact BETO is not as clear. 
This work fits right into Sironix’s manufacturing strategy for commercialization, which is downselecting 
the best pathway from a TEA perspective, which could guarantee a long-term net present value benefit. 
The team made considerable progress in Phase I by improving the catalyst performance with very high 
yields to 2-dodecylfuran. Supports with moderately high acidity and metal loadings gave the highest 
yields in flow reactors with reasonable lower hourly space velocity for more than 50 hours TOS. These 
are important steps toward achieving the project goal of developing economic pathways. The zeolite 
framework was shown to break down during deactivation. The TEA part of the design cycle was not 
shared to understand the direction in the Phase II iteration and switch to ROHs. It is unclear if any of the 
milestones have been approached because the TEA information was not available and the project risk 
mitigation was not discussed. 

• This DFA project supports the development of surfactants based on biomass called OFS. The project 
shows appropriate management and advancement. Bio-based products could enhance the sustainability 
of society. Commercialization exploration at the early stage is critical for the effort of realizing 
sustainability. Surfactants are widely used in many commercial industries and have many players. The 
quality of the final products and the reliable supply could play a key role. It would be beneficial if the 
team could use TEA to assess the economic output of their products. It could also be beneficial if the 
team could estimate a proper scale-up size for their products considering the market, the availability of 
the feedstock, and investment. 

• This project is focused on enabling the production of furan-derived surfactants, supporting the 
development of a nascent startup (Sironix). These OFS eliminate the need for metal additives. The goal 
is to develop low-cost hydrophobic tails to compete with fatty acids and also to make new furan-tail 
coupling strategies, and the work is adequately informed by TEA. The specific challenges requiring new 
or improved catalysts are unclear.  

Management: This is a partnership between ChemCatBio/LANL and Sironix Renewables, and the roles 
of the project partners are clearly outlined. The national labs focus on conversion, synthesis, testing, 
TEA, and scale-up. Product quality testing is handled by Sironix. There are regular monthly meetings 
between the labs and Sironix, and handoffs between the partners are on a schedule. There is a clear risk 
identification and mitigation strategy. That said, it was curious for the team to highlight a risk with 
surfactant performance that appears to have already been resolved. Milestones are adequately tied to 
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specific technical challenges, but it was unclear where the development of new catalysts for hydrophobic 
tails comes into the project timeline. The specific catalysis needs in this project are unclear—carbon-
carbon bond-forming reactions, reduction, and tail synthesis are all mentioned, but I was not able to get a 
sense of the chemistries or catalysts required in each space.  

Approach: This project has advanced from Phase I to Phase II since the 2019 Peer Review. The team is 
employing a build-test-learn development cycle, which seems to appropriately leverage domain expertise 
in various areas. The national labs are addressing catalyst synthesis, activity, stability, and scale-up/TEA, 
whereas Sironix is focusing on product performance. It was not clear whether fatty acid cost is a major 
challenge with this system, though it was cited as a main driver for needing to synthesize new 
hydrophobic tails. The data presented were a bit sparse, which is understandable for a startup; however, 
this makes it challenging to assess the science. I was concerned that the stability metrics may give a false 
impression of catalyst durability. The team is encouraged to examine catalyst performance at lower 
conversion levels. Similarly, it can be difficult to understand activity/selectivity compared at optimal 
conditions for one catalyst and (presumably) nonoptimal conditions for a second catalyst. There should 
be some way to standardize performance so that one can understand how changing the material impacts 
performance.  

Impact: The technology provides a two-for-one solution: This is a renewable product that outperforms 
current surfactants, so it may have a competitive advantage and have decent potential for near-term 
commercialization. Research in this program has resulted in patent applications and a recognition by an 
R&D 100 Award submission. It is clear that the technology is receiving some attention.  

Progress and outcomes: This project has resulted in the development of new surfactant precursors and 
selective HDO catalysts, and the team has considered sulfonation and property testing. Conventional 
copper chromite has been replaced with a new material from LANL that has improved selectivity under 
optimized reactor conditions, and the new catalysts have been deployed in flow reactors. It was 
somewhat hard to compare the performance of the catalysts where selectivity and activity appear to be 
compared under different conditions; further stability is benchmarked at very high conversion levels, 
where one usually gets a false impression of stability and sees a dramatic failure at extended TOS. The 
team may wish to consider the measurement of a low fractional conversion (maybe 10%) for extended 
periods on stream, where it is easier to see activity losses. 

PI RESPONSE TO REVIEWER COMMENTS 
• Response to Comment 1: We appreciate the reviewer’s comments, and we appreciate the feedback on 

including other KPIs, such as durability and size constraints for critical reactor units, in our goals outside 
of price. This is an excellent suggestion, which we will consider further when performing TEA on newly 
developed routes to OFS products. We also agree that further risks could have been added, especially 
those that are associated with TEA efforts that are underway. A further risk, which we thank the 
reviewer for bringing up, is the effect of impurities present in feed streams that we have so far not 
addressed. This is certainly something we will examine as we narrow down potential feedstocks while 
working iteratively with our TEA. We recognize the difficulty in assessing the progress of Phase II given 
intellectual property constraints, and we will consider other ways to allow for more thorough technical 
review in the future.  

Response Comment 2: Replacing LAS surfactants is indeed a large challenge, and other markets, such as 
beauty care, are of interest to the project team. We recognize that more data could have been shared to 
support the claim that the OFS products can replace both existing surfactants and chelants in one 
formulation. The Sironix team has done extensive testing demonstrating superior product performance 
against many industry-standard surfactants, and we will consider how to better represent this work in the 
future. In particular, we will focus on performance areas relevant to personal care, such as skin mildness 
and foaming performance, in which OFS surfactants have also shown superior performance. By 
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optimizing these performance traits, surfactants developed from this project will target the lower-
volume, higher-value niche areas with a higher-performing, lower-cost surfactant compared with 
isethionates.  

Response to Comment 3: We appreciate the recognition of progress within our project from the reviewer. 
We also understand the misunderstanding around the different catalysts being developed in this project 
because our aims have changed from Phase I to Phase II, and this could have been better presented. In 
Phase I, we specifically focused on the catalyst development for HDO chemistry of furan materials. For 
Phase II, our tasks are focused on developing catalysts for furan coupling chemistries. We regret that this 
portion of work was somewhat vague; however, we were unable to disclose the identity of the coupling 
partners and the associated catalysts at the time of the review due to ongoing patent submissions. In the 
future, we hope to disclose these details. Natural oil cost is only part of our concern with using these 
feedstocks; domestic availability is also a large concern, which we are considering when investigating 
other renewable feedstocks that can be used for producing hydrophobic tails for the OFS products. With 
respect to catalyst testing, we appreciate the reviewer’s feedback concerning stability testing. Certainly, 
we can measure catalyst stability at fractional feedstock conversion levels, and we will consider this for 
future experiments and benchmarking.  

Response to Comment 4: We thank the reviewer for noting how supply chain reliability is a key aspect to 
the success of this project. Estimates for the proper scale-up size of the products have been completed 
and were not included in this presentation. These estimates will be utilized for performing TEA, which is 
a deliverable toward the end of year one of Phase II of the project.  

Response to Comment 5: We appreciate the reviewer’s comment on the cost of natural oils. Ideally, 
natural oils available domestically would be used at feedstocks for OFS production; however, the oils 
most readily available in the United States, such as corn or soybean, do not inherently have the proper 
carbon chain-length distribution to function as surfactants for use in cleaning and personal care products. 
Other oils, such as palm and coconut, impart favorable properties to the final OFS product, but they are 
not readily available domestically and are associated with negative sustainability and environmental 
impact due to issues with deforestation and international transport. These are, in part, why the team is 
looking at tunable feedstocks from other sources. 

  



2021 PROJECT PEER REVIEW 

507 CATALYTIC UPGRADING 

BIOMASS GASIFICATION FOR CHEMICALS PRODUCTION 
USING CHEMICAL-LOOPING TECHNIQUES 
The Ohio State University 

PROJECT DESCRIPTION 
OSU is investigating the biomass-to-syngas (BTS) 
chemical-looping technology to produce syngas for 
chemical production applications from biomass under 
DOE Award #DE-EE0007530. The BTS process 
aligns with the programmatic area of interest of 
“Conversion, via biological, thermal, catalytic or 
chemical means, of acceptable feedstocks into 
advanced biofuels and/or bio-based products including intermediate and end-use products.” Compared to 
conventional biomass gasification processes, the BTS process eliminates the need for air separation units and 
tar reforming reactors, which leads to energy-efficiency improvement and CapEx reduction. The overall 
objective is to ascertain the potential of biomass gasification based on the chemical-looping technique through 
the mitigation of the possible techno-economic challenges in the steps of scale-up for commercialization. The 
scope of work consists of (1) designing, constructing, and operating a 10-kWth commercially scalable sub-
pilot BTS system; and (2) completing a comprehensive TEA of the BTS process using methanol production as 
an example. 

 

COMMENTS 
• Chemical looping is a tantalizing technology that has been evaluated for the synthesis of maleic 

anhydride and a few other chemicals. The limitation to commercial applications has typically been the 
amount of material that must be circulated for each kilogram of oxygen that is provided. Using FeTiOx is 
interesting—does it remove any significant portion of the sulfur? Or anything else? Any buildup of K, 
Ca, Mg? Will the design be an FCC-type dual fluid bed scheme? The presentation mentioned 
countercurrent, but the figure shows cocurrent in the gasifier—wouldn’t countercurrent be better? Is 
there enough oxygen transported to make the process autothermal? What is the O-fed/biomass C ratio in 

WBS: 2.4.1.404 

Presenter(s): Andrew Tong 

Project Start Date: 10/01/2016 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $1,500,000 
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the system? The management plan is a good way to get feedback from a variety of disciplines and 
stakeholders. The approach is appropriate—a stepwise study of each of the key features to build up to the 
complete system. 

• The key goals of the OSU project are presented on slide 4 and the quad chart (slide 25) to develop an 
efficient thermochemical method for biomass conversion to syngas using a bench-scale cocurrent 
moving bed reducer catalytic gasifier. No efficiency targets were provided for approaching the project 
goal. Key milestones include some process KPIs, such as H2:CO > 1.8, X > 95%, TOS > 100 hours, and 
updated TEA. The project is ending this year and was broken down into three major tasks: (1) unit 
design, (2) unit fabrication, and (3) unit operation. The key milestones were also clearly identified on 
slide 9. No project risks or mitigating action plans were provided. The project organization is extensive, 
including industry technical advisors, biomass suppliers, and potential commercial customers serving as 
advisors. The communication frequency between all of the partners was not disclosed. It is difficult to 
tell if the project approach will advance the SOA of bench-scale biomass gasification systems because it 
is based on the three basic process development principles of design, fabrication, and operation. The 
overall technical strategy of chemical looping the solid-oxide material is a clear advancement in the 
gasification SOA (i.e., tar reformer and air separation unit). The Nexant TEA suggests that the BTS 
process improves current gasification approaches. The details in the premise of those TEA assumptions 
is unknown. The BTS process supports BETO’s push for novel technologies by pursuing research on 
innovative technologies that can broadly enable the conversion of feedstock to fuels and products. The 
technical approach of doing high-temperature WGS with gasification with a continuous catalyst 
regeneration system seems like it will be simple and innovative to scale up when finally applied. The 
OSU team realizes that this work could provide a low-cost, efficient pathway for BETO’s biomass 
gasification interests. The opportunity to remove tar conversion and air separation units for traditional 
gasification units will have a major impact across the industry. The team has engaged industry 
stakeholders and has the potential to gain commercial interests provided the energy-efficiency, cost, and 
downstream unit design risks are adequately addressed, such as the syngas cleanup unit. The team was 
able to establish a unit-level process simulation model that showed reasonable experimental agreement 
with the 1.5-kW bench-scale unit. Cold-flow hydrodynamic flow tests in pipes were completed on the 
10-kW lab-scale unit, which assisted in completing the reactor design. The team did an excellent job of 
including process hazards analysis and controls specs in the design. Some scanning electron microscopy 
characterization for bulk-phase redox catalytic properties were provided. It was unclear how this work 
altered the TEA next-generation design or operational approaches. The team showed results for the 10-
kWth BTS reactor operating for 2 hours using corncobs. The preliminary TEAs for the BTS-to-methanol 
cases were completed with no final results provided. Milestones 7–9, which deal with fabrication and 
commissioning, were completed on time. 

• This project aims to develop a chemical-looping process that produces syngas for chemical production 
applications from biomass. The team has an appropriate management plan for their research and 
advanced properly considering the impact of the pandemic. The accomplishment of a 10-kWth BTS 
reactor is impressive. The team is on its path toward the goal. The achievement of the goal could help the 
Catalytic Upgrading program complete its mission. The TEA could guide the research. It would be 
beneficial if the team could further consider how the whole looping can be well controlled and how the 
ability to control the process may impact the scale-up ability. 

• This project uses iron oxide as an oxygen carrier in a chemical-looping gasifier to convert biomass into 
syngas. This decouples the oxidation and reduction of the catalyst, allowing one to operate without an air 
separation plant, which could significantly reduce CapEx and make biomass gasification viable at 
distributed scales. The overall goal is to develop a thermochemical method for biomass to syngas in a 
10-kWth sub-pilot test facility on campus. There is a clear focus on demonstration and recyclability, and 
the team includes detailed TEA that considers the integration of the chemical-looping gasifier with a 
methanol synthesis process.  
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Management: The project structure is clear. The team is led by OSU, and there are two thrusts: 
demonstration in a sub-pilot facility (OSU) and TEA (Nexant). The management hierarchy and 
individual tasks within the aforementioned were less clear. For example, I could not determine whether 
certain partners were serving as researchers or in an advisory capacity. Milestones and go/no-go 
decisions are clearly defined.  

Approach: The project focuses on the design, construction, and operation of a chemical-looping gasifier 
at the 10-kWth scale and TEA. Successful outcomes relate to carbon yield to syngas and thermal 
efficiency of the process. Technical challenges are associated with integrated system design, sub-pilot 
reactor costs, and downstream methanol plant integration with the BTS process. TEA is used 
appropriately to identify economically impactful areas of research. The team has identified that particle 
attrition and CO2-rich syngas are the major issues with scale-up, and they are working to resolve these 
challenges. Technical details on the research were, at times, a bit light, and it was challenging to assess 
the approach in detail.  

Impact: If successful, this project will allow cost-competitive gasification of biomass at the distributed 
scale, facilitated by a lower-CapEx facility. The team has performed 1.5-kWth bench-scale testing. As I 
understand it, the cost of air separation is a major challenge facing the production of fuels and/or 
chemicals through biomass gasification. A chemical-looping approach may conceivably mitigate that 
challenge. Because gasification is such a versatile approach for converting carbon-based feedstocks, the 
potential impact is high.  

Progress and outcomes: The team has performed cold-flow model studies to validate reactor feeding; 
their hydrodynamic calculations have been validated. They have considered mechanisms for biomass 
feeding—an important challenge in solids processing. The team has designed a sub-pilot reactor and 
performed a safety review, suggesting it is close to deployment. The team has tested the redox stability 
of the iron oxide/TiO2 particles, showing good durability. The team has performed initial demonstration 
work with methane and biomass feeds (corncobs) in the sub-pilot facility. They have also developed an 
attrition-resistant particle and initiated process-level analysis. Toward process intensification, they have 
successfully removed the tar reformer and steam reforming, suggesting an additional reduction in 
CapEx. Finally, they have demonstrated the production of syngas at >80% purity. Overall, the project 
seems to be making good progress toward the goals set forth in this project. 

• This is well organized, and it is great to see the use of external gasification experts and end users for 
input as well as feedstock suppliers. The loop-type reactor system design is excellent for processes to 
maximize conversion. It is substantial for the direct generation of useful syngas in many applications in 
industry and for fuel groups. The team has made great progress at the sub-pilot scale. With all 
gasification processes I have seen in the past, there are challenges to scale-up, as is true with many 
programs in BETO. So far, it would seem that the project would be able to scale based on various data 
produced in the program. 

PI RESPONSE TO REVIEWER COMMENTS 
• Chemical looping for biomass gasification does require the circulation of particles through the system, 

similar to indirect heated gasification; however, unlike indirect heated gasification, where the solid 
media circulated serves only as a heat carrier, chemical-looping particles carry both heat and oxygen to 
the reactor with the biomass, which reduces the circulation rate in chemical looping. Uniquely, for the 
OSU moving bed approach, we reduce the particles from an Fe2O3 oxidation state when entering the 
reducer (i.e., the reactor where biomass is converted to syngas and the oxygen carrier is reduced) down 
to Fe/FeO, which means we consume nearly half the available oxygen on the oxygen carrier. This further 
reduces the circulation rate required for our system compared to other chemical-looping developments. 
The oxygen carrier flow to the biomass feed rate weight ratio (dry basis) is approximately 10:1. 
Compared to indirect heat gasification, which has a heat carrier circulation rate to biomass feed rate ratio 
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of 27:1, the biomass chemical-looping system has a solid circulation rate nearly three times lower than 
the reference gasification method. In addition, because we can reduce the oxygen carrier to the Fe/FeO 
oxidation state, this allows us to achieve a high syngas purity, which I will discuss more in the follow 
point on cocurrent versus countercurrent moving bed flow.  

• The primary objective in the oxygen carrier development is to develop a formulation that is resistant to 
deactivation through irreversible/non-regenerable reactions with the oxygen carrier. We have developed 
a formulation that is resistant to sulfur and alkali accumulation to allow it to sustain >15,000 oxidation 
and reduction reaction cycles; therefore, the sulfur will not be removed from the system using our 
oxygen carrier, but it will exit the reactor primarily as H2S in the syngas stream. Alkalis have been 
shown to coat the surface for the oxygen carrier under severe conditions (i.e., when alkali content is 
equivalent to >1,000 times the biomass-to-oxygen carrier feed ratio); however, in this case, the oxygen 
carrier was regenerated to its original condition when oxidized with air. 

• We have not seen any alkali build in our experiments; however, we have conducted specific tests on 
alkalis with specific focus on K and Na. Under high concentrations of Na and K (1,000 times greater 
than normal flow conditions), we observed a layer of Na and K on the surface of the particle when under 
the reducing condition of the reducer reactor. When subjected to air in the oxidation step of the 
combustor, the layer was removed, as shown in the scanning electron microscopy images; therefore, the 
alkalis in biomass are not expected to build up on the oxygen carrier because the oxidation step with air 
will remove any accumulation that may occur during the reduction step.  

• The design will consist of a packed moving bed reducer for biomass conversion to syngas and a 
turbulent fluidized bed combustor for oxygen carrier oxidation with air. The operation is similar to FCC, 
with the primary difference being an extended standpipe and a second gas outlet that corresponds to the 
reducer reactor.  

• A cocurrent flow pattern is better for the application of producing syngas. Countercurrent flow is better 
for applications of full fuel conversion to CO2/H2O (e.g., chemical-looping combustion) and/or for the 
production of pure gas products like hydrogen via a secondary oxidation step with steam. The general 
rule in a moving bed chemical-looping system is that you want your gas outlet to be located in a position 
where the oxidation state of the particles is complementary to the product gas you would like to make. 
For syngas as the product, the Fe/FeTiO3 phase of the oxygen carrier has the higher CO/CO2 and H2/H2O 
partial pressure compared to the other oxidation states of iron at equilibrium conditions. If a 
countercurrent moving bed design is used, the gas outlet will be located where the oxidation state of the 
oxygen carriers will be predominantly Fe2O3, which will reduce the purity of syngas produced because 
Fe2O3 is thermodynamically favorable to convert syngas to >99% CO2/H2O; therefore, in designing a 
thermodynamically limited reducer reactor to process biomass to syngas, it is better to locate the gas 
outlet and the bottom of the moving bed to allow the gas to move cocurrently with the solid flow 
because, in this case, the phase of the oxygen carrier at the gas outlet will favor high-purity syngas 
production.  

• Yes, absolutely. In a general sense, chemical looping, in this and most applications, represents the spatial 
separation of a gaseous oxidant (i.e., O2 in air) from the fuel (i.e., biomass) where the oxygen carrier 
transports the oxygen and heat of the reaction. Because the oxygen carrier is undergoing cycle oxidation 
and reduction, in the overall net reaction of the combined reducer and combustor reactor, the oxygen 
carrier cancels out, and all you are left with is the oxidation of the fuel with oxygen; therefore, the net 
reaction is heat exporting, and autothermal operation is absolutely attainable with chemical-looping 
systems. The challenge is when we consider the need of a secondary oxidant that must be used, such as 
steam, to adjust the H2/CO ratio in the syngas produced in the reducer and the maximum temperature 
limits we can subject the oxygen carrier to during its oxidation step with air. We primarily address this 
challenge through the consideration of how much support we load in our oxygen carrier (i.e., the heat 
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capacity of the solids). For our system, 40–70 wt % support in our oxygen carrier allows us to sustain the 
necessary operating temperature and heat supply to our reducer reactor to produce the syngas with a ratio 
>1.8 H2/CO. Pressure is also a very interesting parameter we have assessed. Because gasification is a gas 
evolve reaction, it is thermodynamically less favorable at higher pressures. Adjusting the solid flow rate 
per biomass input is the similar approach to addressing the autothermal operating requirements. The 
optimum inert concentration remains in the range from 40%–70%. 

• Efficiency target: I am sorry, we omitted this from our review slides this year. The target efficiency is to 
reduce biomass consumption by 13% compared to indirect heated gasification while removing the WGS 
and tar reforming unit requirements. We are also targeting greater than 47% reduction in steam 
consumption.  

Project risks and mitigation: The project risks and mitigation were addressed in the previous quarter of 
the project. The remaining project tasks are the operation of the unit and finalizing the TEA for the 
biomass-to-methanol case study. All are proceeding as planned. The primary risk observed in the 
previous quarters was the scheduling issues due to the pandemic and mechanical issues related to the 
biomass feeder, heating elements, and normal wear on the reactor unit. Each were repaired and put back 
into service. Operations of the sub-pilot unit are ongoing, with no issues observed.  

Communication with team: Communication with Nexant and OSU is frequent. It was biweekly during 
the first year of the project and is monthly currently. This was due to the initial process development the 
first year and updating the process design and finalizing the economics in the last year. For the 
independent review committee members, the meetings were once per quarter for formal meetings during 
the first 2 years of the project, when the sub-pilot unit was completing its design. The independent 
review committee meetings were reduced during the construction phase and due to the pandemic.  

• One of the project objectives is to mature the chemical-looping technology for large-scale pilot testing 
through proving the reliability of the moving bed design for continuous operation (i.e., 100-hour test) 
and the sustained performance of the oxygen carrier and proving we can achieve the >1.8 H2:CO ratio 
from biomass. This is a necessary step to gain industry support in the scale-up to a large pilot 
demonstration, which we have successfully done from the testing completed to date. From the sub-pilot 
testing completed, we have formed an industry team to support the next scale of the technology 
development.  

• The TEA design basis was reported in Q2 of the project (March 2017). The biomass-to-syngas chemical-
looping process will be designed to process 2,200 dry tons/day of biomass for crude methanol synthesis 
compared to indirect heated gasification subjected to the same biomass processing capacity. Three 
reference reports (DOE/National Energy Technology Laboratory (NETL) 341/020514, NREL/TP-5100-
62402, and DOE/NETL 2011/1455) were used to analyze the reference indirect heated gasification base 
case and to provide performance and cost information for the upstream and downstream components of 
the chemical-looping biomass gasification process. The cost of the chemical-looping reactors was 
determined based on the reactor sizing (residence time estimations from bench-unit studies), and the 
reactor costing methodology was performed based on previously developed correlations for moving bed 
chemical-looping reactors (https://doi.org/10.2172/1149155). Further details on the specific equipment 
costing and sizing will be provided in the final TEA report; however, in general, the CapEx savings 
observed from the OSU chemical-looping system compared to the indirect heat gasification is due to the 
lower solid circulation rate (nearly one-third lower solid flow rate for the chemical-looping system 
compared to indirect heated gasification), removal of the WGS and tar reforming, and lower steam 
generation demand. The OpEx savings is due to the greater syngas yield and lower steam consumption 
from the OSU chemical-looping system. 

• The main alteration is the reactor sizing and syngas composition obtained from the sub-pilot testing 
because these will influence the downstream syngas conditioning requirements and CapEx of the 

https://doi.org/10.2172/1149155
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chemical-looping reactor. In addition, oxygen carrier attrition rate verification is an important factor that 
will be further verified in the 100-hour test because the makeup rate corresponds to an OpEx of the 
chemical-looping system. Previous and continued studies indicate that the attrition rate is well below 
0.02% per cycle for the oxygen carrier we use in our system. 

• This is an excellent point, and one which OSU has been heavily engaged in for the last 2 years—how to 
control the chemical-looping system for optimum performance under varying load conditions. Since 
2019, OSU established a CRADA with DOE and NETL’s Institute for the Design of Advanced Energy 
Systems (IDAES) to address this question for chemical-looping systems. Currently, we are working with 
IDAES to develop a dynamic model of our chemical-looping process based on the existing reactor 
models and particle kinetic models that we will then extend to dynamic control simulation. The work is 
currently directed to power generation applications with chemicals; however, it will establish the 
framework for the dynamic modeling of moving bed chemical-looping systems that can be easily 
extended to this biomass-to-syngas chemical-looping technology. We are in discussion with IDAES on 
extending our current studies to biomass gasification given the exciting results and test unit we have 
generated from this project. 

• Outside of OSU and Nexant, the remaining team members are serving as advisory members. Technical 
input from Shell and ZeaChem was requested and provided when we designed the biomass feed system, 
but the overall objective of the involvement of these groups was to advise and support the next phase of 
the project demonstration. 

• I did leave out the design methodology for the sub-pilot test unit to achieve the target 15-kW test 
capacity and the moving bed design principles used to determine the reactor size and the interconnecting 
standpipes for gas sealing and solid flow control. I hope that the supplemental slides provided may help 
with some the technical details that are missing in the presentation.  
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CONSORTIUM FOR COMPUTATIONAL PHYSICS AND 
CHEMISTRY 
Oak Ridge National Laboratory, National Renewable Energy Laboratory, 
Pacific Northwest National Laboratory, Argonne National Laboratory, and 
National Energy Technology Laboratory 

PROJECT DESCRIPTION 
The CCPC is an enabling consortium of BETO that 
utilizes computational modeling to support the 
achievement of goals in ChemCatBio, the Feedstock-
Conversion Interface Consortium (FCIC), the 
Bioprocessing Separations Consortium, and the Co-
Optima initiative. The CCPC comprises six national 
labs (ORNL, ANL, INL, NETL, NREL, and PNNL), 
and the computational approach is multiscale 
modeling. This presentation will cover the management and approach of the CCPC and technical 
accomplishments specific to ChemCatBio (technical accomplishments for other consortia are covered in their 
corresponding sessions). 

 

COMMENTS 
• As always, the team has done a great job of managing a complex, critical area to input and guide PIs in 

the programs to accelerate progress toward the $3/GGE goal. I commend management for implementing 
the CCPC Direct Funded Assistance Program approach. The approach is clear. The massive amount of 
data and integration with the large number of teams has been accomplished seemingly with ease. This is 
a huge accomplishment. The feedback loop appears to be working well with the PIs based on 
responsiveness to data. The BETO-HPC: Dedicated High-Performance Computing (HPC) on Summit 
(the world’s second-fastest computer) and Ridge will add a lot to the turnaround time on needed results. 
The impact of the program is clear and key to all the programs in BETO. The team has made outstanding 

WBS: 2.5.1.301 

Presenter(s): Jim Parks; Tim Theiss; Zia 
Abdullah 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $5,083,000 
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progress. In industry, modeling is now the norm and adds high value to all programs in both commercial 
processing and consumer products. Although it has been a long journey from 2013 to now, and it 
continues to evolve and grow, the program’s success in the future depends on this dedicated modeling 
effort. This is clearly seen in the various catalytic upgrading programs coupling a great computational 
program with outstanding catalyst teams. 

• Management: The CCPC is integrated across various BETO programs and consortia. The management 
structure is clearly outlined, and it is appropriate given the far-reaching impacts of the CCPC. Nearly 
every project needs computational support. The management hierarchy is appropriate for managing such 
a large project. As I recall, the 2019 Peer Review suggested that industry partners may benefit from 
leveraging CCPC capabilities; the program has been responsive by launching new DFAs this year. The 
team has provided a nicely detailed risk mitigation strategy.  

Approach: The CCPC has to be nimble to provide support to new initiatives as they come into the BETO 
program, and the evolution of the program reflects this. The team uses multiscale modeling. This 
includes atomic-scale computational work to examine intrinsic structure and function, mesoscale 
modeling to capture transport phenomena, and full-scale reactor performance using multiphysics 
simulations. Insights at all of these scales are essential for understanding the performance of commercial 
reactors using pelletized or extruded catalysts. Different national labs lead individual tasks; this is 
appropriate considering the capabilities at each lab. There is a critical partnership between the CCPC, 
Catalyst Deactivation, and ACSC projects. This is necessary to develop and understand catalysts under 
working conditions, an important strategy for de-risking technologies. Process complexity is 
appropriately handled using a multiscale approach, with complexity captured at each scale as needed. 
Reduced-order and lumped models are also appropriate for developing tractable models. The HPC 
program provides access to world-class facilities and mitigates risks associated with access to computer 
resources. Considering the power of these facilities, access should open new opportunities for 
computational research that may have been formerly intractable—for example, large-scale data mining 
and machine learning.  

Impact: The team is using open-source software and is active in developing tools for this software. This 
is important because they can be accessed and used freely by anyone. The CCPC is also providing 
density functional theory data for the Data Hub/Chesapeake Bay, which is a very large impact for the 
catalysis community. The team has generated fundamental insights into how H2 affects the Cu oxidation 
state, which is a critical activity descriptor for ethanol upgrading into higher olefins. This work 
highlights the interface with ACSC to compare theoretical models of the structure/oxidation state with, 
e.g., data from X-ray absorption near edge structure. The team is working on understanding Lewis acid 
and solvent effects on HMF production. The trends generally agree with experimental literature on 
effective solvents and Lewis acids. One wonders if this effort can predict a better solvent and catalyst 
than SOT for HMF production. The team’s work with the deactivation program has helped to elucidate 
coke formation pathways during ethanol upgrading, leading to a strategy for minimizing the butadiene 
pathway. The mesoscale team is looking at catalyst (macro) structure impacts on performance. This is a 
collaboration with the Office of Science Basic Energy Science program and ACSC to help understand 
the role of porosity in predicting catalyst performance. I was interested in the updated effectiveness 
factor for cascading reactions, which is a nice update to conventional approaches. Reactor-scale 
modeling using multiphysics simulations identified risks associated with scaling the Pt/TiO2 system due 
to thermal gradients, providing an important direction for future work in the CFP program.  

Progress and outcomes: The team has provided fundamental insights into catalyst stability, activity, and 
solvation. New access to HPC should expedite material discovery by enabling high-throughput density 
functional theory and machine-learning methods. This is already being applied for Mo2C catalysts for 
bio-oil upgrading. 
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• The CCPC provides computational support to the other projects in the Catalytic Upgrading program. The 
consortium provides a clear management plan that enables the researchers from multiple national labs to 
conduct computational research on a wide variety of subjects relevant to the mission of the program. The 
research was conducted using proper computational approaches and has helped reveal the mechanisms 
governing catalytic performance, which can help design better catalysts. The impact of this project is 
mainly from two aspects: It helps see the detail of catalysis that the experiment cannot see, and this 
foundational research can help accelerate the design of catalysts. It could be beneficial for both CCPC 
and catalytic upgrading if CCPC can play a role more than an enabling activity. The advancement of 
computational methods and the construction of those HPCs (and quite a few of them by DOE) could 
open a new era for catalyst research. CCPC may produce a lot of data and tools during the research. It 
would be beneficial if these data and tools would be managed and distributed in a way to benefit the 
funding agencies and the public. 

• The key goals of the CCPC project are presented on slide 2 and the quad chart (slide 39) to develop and 
apply computational tools that enable and accelerate the catalytic materials research and process 
development. The extent to which this acceleration and enabling effort is measured was not mentioned. 
The project goals mentioned on the quad chart appear to be more specific to the ChemCatBio catalysis 
and reaction engineering needs by providing multiscale kinetic information along with heat and mass 
transfer modeling. The CCPC may actually be the most collaborative consortium, touching almost every 
other consortium within the BETO portfolio and managed with a dedicated coordinator and technical 
liaisons with effective organizational structure. The key project milestone for ChemCatBio was to 
provide a multiscale model for the Pt/TiOx CFP upgrading catalyst system. Deliverables to the milestone 
would include kinetic rates and regeneration cycles. The risks associated with the modeling complexity 
of real catalysts and not having the computer power to address this was mitigated by doing more 
experimental structure-function catalysis work, using lumped kinetics and working through the BETO-
HPC. The communication frequency at which the CCPC interacts with the liaisons was not explicitly 
addressed.  

The consortium is highly collaborative, meeting with all of the IABs from the other BETO consortia. 
The team also has its own IAB and will be revamping that group in FY 2021. Several industry-led DFA 
programs involving the CCPC were launched in 2020 along with the HPC initiative. The consortium has 
published more than 40 journal articles and given more than 50 conference presentations since the last 
Peer Review, as well as public webinars. Further, open-source coding tools have been provided to the 
public. In terms of the SOA for the DOE BETO consortia—e.g., Bioprocessing Separations Consortium, 
Agile BioFoundry, FCIC, and CCPC—the CCPC continues to be a unique, powerful force across BETO 
by providing multiscale modeling tools and fundamental analysis/support from the atomistic to 
commercial scales. This approach of dealing with the issues of process design at all scales will continue 
to push the SOA. Further, the collaboration across DOE offices with BETO and the Advanced 
Manufacturing Office to collaborate on the HPC program is definitely an advancement in consortia 
SOA. The modeling of experimental data is how commercial process design occurs, so this consortium is 
critical to advancing BETO’s goals and objectives.  

The CCPC supports the Conversion Technology Area objectives pertaining to integrated conversion 
technologies by showing how new catalyst materials are moved into other BETO scaled-up system 
integration efforts. The CCPC does an excellent job of supporting the EERE Strategic Plan goal of 
enabling a high-performing, results-driven culture through effective management. The CCPC has 
demonstrated support for BETO’s Strategic Analysis Goals to ensure high-quality, consistent, 
reproducible, peer-reviewed analyses; to develop and maintain analytic tools, models, methods, and data 
sets to advance the understanding of bioenergy and its related impacts; and to convey the results of 
analytical activities to a wide audience, including DOE management, U.S. Congress, the White House, 
industry, other researchers, other agencies, and the general public. The CCPC supports the Conversion 
R&D SMART Goal by 2021, completing the R&D necessary to set the stage for a 2022 verification that 
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produces both fuels and high-value chemicals to enable a biorefinery to achieve a positive return on 
investment. In support of the BETO Synthesis of Intermediates and Upgrading initiatives, the CCPC is 
aligned with the objectives of strengthening the Enabling Tools within the Computational Modeling & 
Analytical Tools as well as the Standards & Method Development efforts. The Ridge and Summit 
approaches with the HPC program to provide this extreme level of computing power is innovative in the 
configuration and hardware application. The multiscale modeling approach will always be innovative 
when coupled with experimental work to appropriately target the complexity. The CCPC has 
demonstrated how the impact of the consortium will impact the catalysis and reaction engineering 
community at all scales of modeling. At the atomic scale, the CCPC has provided fundamental insight 
into parametric experimental work that works across all scales. The atomic-scale work can predict the 
most optimized solvents and catalytic materials from fundamental descriptor correlations and 
computational screening. The multicomponent effectiveness factor vector concept is a good approach for 
the reaction engineering community and will be important for condensed phase analysis at the 
mesoscale. At the reactor scale, the team realizes their impact on predicting hot spots and other 
commercial-scale operational impacts on the CFP upgrading reactor. Other work outside of the 
ChemCatBio effort has shown commercial potential, especially with the recent DFA projects. This 
appears to be a good amount of direct industry engagement with the ChemCatBio-focused work. The 
reactor-scale work is ready for handoff to any established EPC ready to do FEL work on this process. 
The atomic-scale descriptor correlation work will set a standard criterion for downselecting solvents and 
eventually catalytic materials (e.g., volcano analysis).  

In terms of ChemCatBio-focused work, the CCPC has made some progress toward enabling and 
accelerating. The atomic-scale analysis of Pt/TiO2 materials must lead to the development of a fast-
synthesis strategy, preferably a high-throughput method. Any mechanistic work dealing with surface 
water and its corresponding effects on reactivity is important. This was shown with the ketone 
condensation analysis. The computational screening work for HDO activity on transitional metal nitrides 
and carbides was fascinating and appears to be very promising. This is an example of an acceleration 
tool. The use of the graph neural network modeling technique on carbide surfaces for a model system, 
such as O2 binding, is basic science and very useful, especially with such a common active site probe 
molecule. The extraction of the kinetic modeling parameters for Pt/TiO2 is important work for TEA 
modeling as well as reactor design. There is also an opportunity to design experimental work to validate 
these parameters independently. The key end-of-project milestone of providing a multiscale model for 
the Pt/TiOx CFP upgrading catalyst system has been reached with work at both the atomic scale (slide 
33), mesoscale (slide 37), and reactor scale (slides 30–31). Further, the team received a “go” decision in 
FY 2020 for developing methods for extracting kinetics and using them in multiscale models. This was a 
major milestone. 

• This project, dedicated to computational support for catalytic and other projects, is the kind of 
crosscutting project that seems to be the type of fundamental enabling work that is the core purpose of 
BETO/ EERE. As with some other projects, the management across different labs and applications is 
well structured, with a liaison designated for each program. The multiscale approach to catalyst 
modeling is very appropriate to such complex systems. Properly executed, modeling can help provide 
questions to be answered in experimental work and can provide answers to questions coming from 
experimental results. This synergy sets up a virtuous cycle of model/experiment that leads to greater 
understanding and, more importantly, better performance of the catalyst under study. The computational 
fluid dynamics (CFD) results seem particularly interesting; have they resulted in any changes to the 
reactor design or catalyst type? With the H2 effect on Cu/BEA, can the same effect (Cu reduction) be 
seen with CO? 

PI RESPONSE TO REVIEWER COMMENTS 
• The CCPC thanks the reviewers for the feedback on our computational science R&D supporting BETO. 

We are pleased to see that the majority of the feedback comments were positive in nature, and we also 
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appreciate the fact that specific positive feedback was provided for all scales (atomic, meso-, and 
reactor) of our multiscale modeling approach. Based on the supportive feedback, we intend to move 
forward with this successful approach. Regarding the comment on the extent of acceleration that our 
modeling effort is enabling for ChemCatBio, it has been difficult to quantify the acceleration benefit of 
our modeling program. We agree that understanding the extent would be valuable. We intend to seek 
more methods for obtaining quantitative and qualitative feedback on the value of our modeling for 
technology acceleration. Regarding the question of how frequently the technical liaisons interact with the 
CCPC, technical liaison interactions with other liaisons, task leads, and the CCPC PI generally occur on 
a monthly basis, and technical liaison interactions with the full CCPC team occur on a quarterly basis. 
Then, each technical liaison is interacting with the consortium supported at the frequency set by that 
consortium’s meeting schedules. Note that interaction frequencies increase at critical times in the tasks 
and projects or if any issues arise that need to be addressed. There were some comments related to next-
step readiness for technology transfer, including “The reactor-scale work is ready for handoff to any 
established EPC ready to do FEL work on this process.” We intend to further engage with industry 
stakeholders to share our current model tool kit status and determine a path forward for the technology 
transfer of our capabilities to the bioenergy community. 
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ANALYTICAL DEVELOPMENT AND STANDARDIZATION FOR 
BIOMASS-DERIVED THERMOCHEMICAL LIQUIDS 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
This project began in FY 2014 to address the lack of 
standard chemical characterization analytical 
methods for bio-oils. Bio-oils are very complex and 
present numerous analytical challenges, yet reliable 
chemical information (quantification of both 
individual compounds and chemical functional 
groups) is needed to inform upgrading research and 
refinery coprocessing. In this project, analysis needs 
are first determined from engaging the bioenergy 
community. Next, standard methods are developed to meet these needs, and then they are subsequently 
validated via interlaboratory studies. Methods that are successfully validated (<10% variability) are then 
shared as laboratory analytical procedures (LAPs), which are free and publicly available. We have been 
tracking LAP use and have seen sustained usage, as evidenced by an average of 500 pageviews and 100 
downloads per quarter, demonstrating the value of these methods to the bioenergy community. LAP methods 
that are particularly useful and reliable will be chosen for the next level of standardization through ASTM. We 
have recently achieved approval by ASTM for our carbonyl titration method. This method (ASTM E3146) is 
the first example of an ASTM standard solely focused on the chemical characterization of bio-oils. Work in 
this project is meeting the analysis needs of the bioenergy community and will ultimately help enable the 
commoditization of bio-oils. 
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Zia Abdullah; Courtney 
Payne; Jessica Krupa 
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Total DOE Funding: $1,875,000 
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Photo courtesy of NREL 

COMMENTS 
• This is an excellently run and managed program during the years on a challenging task. Coordination 

among labs once again speaks to solid management. A solid analytical foundation is always key to future 
results, as defined here. The approaches are well defined and clear, and there are no issues. Why isn’t 2D 
gas chromatography-mass spectrometry (GC-MS) used when this is standard by petroleum companies 
and some consumer goods companies? Is this an outage in the DOE labs for routine analysis? Perhaps 
some additional investment in this area is needed. One other question is on the choice of 
ethylenediaminetetraacetic acid for chelant to study metal leaching. Many of the products of these 
processes are phenolic and catechol-type derivatives. These can be powerful chelants of metals, 
particularly if they have carboxylate or sulfonate functionality. Perhaps some analytical work on 
derivatized intermediates and products is justified for further understanding. We used sulfonation and 
TMSiCl or other derivatizing agents in the past for complex surfactant mixture analysis by gas 
chromatography. It is a nice way to shift the retention time of these reactive precursors for separating 
from aromatic, hydrocarbon, and olefin-containing species. It requires higher temperature-tolerant gas 
chromatography equipment and perhaps longer run times on gas chromatography. Standards exist, such 
as Tiron (trade name), which is a disulfonated catechol. There are also strong iron and other metal 
chelants in monomeric form or polymeric (work done by Lawrence Livermore National Laboratory in 
the past). Procter & Gamble patents on these chelants are US 8,921,299 and US 8,399,396 on these 
materials, as well as the earlier Motorola patent on the metal complex for the method of forming an 
electrically conductive polymer pump over an aluminum electrode (US 5674780). Without this work, the 
progress on bio-oils would have been slow. This is key to the impact overall, and the methods developed 
could have broader implications externally, as shown. There is excellent progress and a clear outcome to 
assist in driving programs on pyrolysis oils stabilization and processing via analytical tool and 
processing development. 

• The characterization of complex product mixtures is central to understanding biomass upgrading, and 
bio-oil is a particular challenge that spans numerous projects. Integrating the many analytical techniques 
and developing protocols to carry out “standard” analyses appear to be successful in several cases. The 
aging test, in particular, is badly needed; is it applicable to a wide range of bio-oils—i.e., those 
containing widely varying O contents (even less than 5%, as in CFP oils)? The method has real-world 
application to commercial operations—designating how materials need to be stored and how accelerated 
tests should be done. The corrosion test also has real-world application, and it could be important in 
defining the correct materials to choose for reactors, transfer pipes, and vessels. 

• The key goal of this analytical method development project is presented on slide 3 and the quad chart 
(slide 28) to develop standardized methods that support the commercialization of bio-derived and 
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coprocessing liquids. Essentially, these will be additional methods that can be adopted by various 
stakeholders to develop quality specifications for the marketplace. The project could specify how many 
public standard methods are roughly envisioned to accomplish this goal as a way of measurement. The 
management of the project centers around compiling input from various stakeholders across government, 
national labs, academia, and industry, as well as international bodies of standards. There is no clear 
designation of a project manager for the team or single POC. The success factors were included on 
various slides. The risks to method development and the mitigation actions for those would be helpful as 
well. A key milestone is to submit a bio-oil analysis method to ASTM for voting by fall 2021. The 
communication plan involves frequent communication between labs and quarterly meetings with BETO, 
as well as active engagement at ASTM, which definitely takes commitment. The point person for ASTM 
engagement was not mentioned, and the manner in which industry is engaged directly is not as clear.  

In terms of the SOA for method development, ASTM and the International Organization for 
Standardization continue to lead the pack, along with other private organizational standards, such as 
UOP and Merichem, placing them at the forefront as well. This project is already engaged in bringing 
new methods to ASTM, so this project is advancing the SOA. Further, the team is already coordinating 
lab round-robins and improving LAP published methods. The team should continue to organize the 
needs based on categorizing all of the key process sampling points in the two most critical paths for 
BETO 2022 verification, ensuring that the testing priorities are established. The team does an excellent 
job of surveying external and internal stakeholders. This project supports the BETO Strategic Analysis 
Goals to ensure high-quality, consistent, reproducible, peer-reviewed analyses; to develop and maintain 
analytical tools, models, methods, and data sets to advance the understanding of bioenergy and its related 
impacts; and to convey the results of analytical activities to a wide audience, including DOE 
management, U.S. Congress, the White House, industry, other researchers, other agencies, and the 
general public. The work also supports the Conversion R&D SMART Goal by 2021, completing the 
R&D necessary to set the stage for a 2022 verification that produces both fuels and high-value chemicals 
to enable a biorefinery to achieve a positive return on investment. The approach of compiling the 
analytical needs of a comprehensive list of stakeholders and developing a generalized solution or 
analytical method to meet everyone’s needs, including ASTM, should always result in an innovative, 
useful published standard when complete. The project team has shown that they understand the great 
impact their work has on the bioenergy community by making LAPs publicly available and by 
standardizing methods (e.g., E3146) via ASTM, which impacts a broader audience. This also allows 
instrument vendors an opportunity to develop new technology offerings that include the standard 
methods as part of meeting the industry’s needs. More importantly, the team understands that bio-oil 
cannot truly be commoditized until a quality specification is established that includes standardized 
methods available across the industry of third-party inspection and quality labs. The team has already 
gone through the cycle of engaging industry and pushing a method through the standardization system, 
which is often very difficult to do, so the commercial potential of the project has already been proven. 
The group has already published 10 LAPs, which is really good progress toward the goal of developing 
analytical methods for ChemCatBio that characterize key liquid streams. They developed an accelerated 
aging test method for the long-term storage stability of fast-pyrolysis bio-oils; a high-throughput, 
modified Folin–Ciocalteu method for measuring phenols; and the interlaboratory study completed for the 
current ASTM E3146 method. The group should provide more materials science insight into the 
corrosion test development demonstrating why certain ASTM methods with standard metal coupons are 
unacceptable from a post spent coupon and spent fluid characterization standpoint. It appears as though 
the group has reached the key end-of-project milestone early. 

• The project aims to standardize chemical characterization and analytical methods for bio-oils. The 
development of standards plays a critical role in research as well as the economy and policymaking. The 
team has very effective management and has developed a series of methods and procedures to analyze 
the complicated bio-oil. It is very nice that the team is working on implementing their research outcome 
into ASTM standards. Such standards could have a big impact because they sort of set the rules for the 
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whole community and especially clean up some uncertainties in analysis and characteristics. The 
accelerated aging tests are very effective to obtain the data needed in a much shorter time. Sustainable 
bioenergy is a world topic, and it would be beneficial if the team can reach out to the other important 
players in the fields and collaborate with them to set standards that can help advance the research on 
bioenergy—if it is okay with the funding agency’s policy and regulations. 

• This project aims to standardize bio-oil characterization, which is extremely important. Gas 
chromatography/GC-MS are widely used but are probably inadequate for detailed speciation; the field 
needs better analytical methods in this space. Overall, I was impressed with this project; I would love to 
see more of this type of work. It is immensely practical and critically needed, but it is not generally 
addressed in peer-reviewed literature.  

Management: NREL, PNNL, and ORNL are all doing the method development relevant to this project. 
The team is engaging with external partners to validate methods and then moving to share methods with 
all stakeholders working with bio-oil (research, industry, government, etc.). They are soliciting input 
from relevant stakeholders, which generally ensures impactful research. There is constant 
communication among NREL, PNNL, and ORNL, and the team has a long history of collaboration. It is 
good to see external stakeholders reaching out to solicit input and also provide input to guide the project. 
Overall, there are no concerns regarding the management.  

Approach: The approach is to provide analytical methods that give quantitative information about bio-
oils as well as more robust speciation. There is a clear vision for what constitutes success in this project, 
and everything is systematic and rational. There is a good framework for analysis using a suite of 
analytical methods that can be appropriate to interrogating specific important aspects of bio-oil 
properties. Overall, this a great approach to solving a challenging analytical problem.  

Impact: This field is overly reliant on GC-MS for speciation, which is unreliable for a lot of these 
molecules because they may not have benchmarked fragmentation patterns in, e.g., NIST libraries, and it 
can be hard to purchase an analytical standard. This is an important direction for the biomass upgrading 
field, and this group is providing the ability to improve both quantitative and qualitative precision in bio-
oil analysis. One needs to look no further than the impact of incomplete carbon balance closure on the 
CFP program to realize how important more robust analytical tools are to the field.  

Progress and outcomes: In addition to the bio-oil characterization methods, the team has developed an 
accelerated aging test, which is another area that needs standardization within the field. The ability to 
identify and quantify trace oxygenates is important due to their relatively high value (if they can be 
recovered) and/or their disproportionate impact on stability and performance in, e.g., jet fuels. 
Importantly, the methods being developed are low cost and robust/easy to implement, which is important 
for large-scale adoption. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their time and feedback. We really appreciate the positive feedback as we are 

proud of what this project has accomplished. During the past 8 years, we have developed 10 standard 
methods as LAPs, which are free and publicly available. These methods represent the first of their kind 
as standards for the analysis of bio-oils, and, as such, these LAPs are frequently used by the global bio-
oil community. Additionally, we have developed the first ASTM standard test method (ASTM E3146) 
focused on the chemical characterization of pyrolysis bio-oils, and we plan to submit a second method to 
ASTM in the coming months. The ASTM process was especially fruitful, as we brought in many 
different stakeholders working with bio-oils to participate in our ASTM task group for ASTM E3146. 
Through this work, we have built a reputation as leaders in this space, and we frequently interact with the 
bio-oil community, including researchers, industry, government agencies, standardization agencies (e.g., 
ASTM), international organizations (e.g., European Committee for Standardization and the International 
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Energy Agency), analytical service laboratories, and instrument manufacturers. Although we have built a 
cohesive team and we communicate frequently, the overall POC for the project is Jack Ferrell, and Earl 
Christensen is the lead for the ASTM engagement. Christensen is also the vice chair of the ASTM 
Committee E48 on Bioenergy and Industrial Chemicals from Biomass.  

One of the questions was on providing more materials science insight in the corrosion test 
development—we collaborate with the Materials Degradation in Biomass-Derived Oils project (WBS: 
2.4.2.301, PI: Jim Keiser), which is more focused on the mechanistic aspects of corrosion. Our project is 
focused on the methods development and on developing a screening test where the corrosion mass loss is 
correlated to the actual corrosion data obtained from project 2.4.2.301. Method development of the 
corrosion screening test is ongoing, with plans of publishing an LAP this fiscal year. On the question of 
chelants for metal leaching, ethylenediaminetetraacetic acid was chosen as a baseline to preliminarily 
confirm if the presence of a strong chelator will impact the corrosion of metals. We appreciate the 
suggestions for other chelators, and we plan to test some of the suggested chelators in future work. As 
for 2D GC-MS, we commonly run 2D gas chromatography in our labs, and we have considered the 
development of a standard method for 2D gas chromatography in the past. At that time, 2D gas 
chromatography was not as commonplace as it is today, and we did not think a standard 2D gas 
chromatography method would be widely applicable to the bio-oil community. Given the increasing 
availability and use of these instruments, we will revisit developing a standardized 2D gas 
chromatography method for biogenic liquids and their upgraded products. We agree that sustainable 
bioenergy is a worldwide topic, and we maintain international connections in this space. We collaborate 
with international entities on interlaboratory studies for method validation, and we had several 
international members in our ASTM task group. We also maintain contact with European Committee for 
Standardization to ensure that our method standardization activities are complementary on a global scale. 
Finally, the new aging test is only applicable to fast-pyrolysis bio-oils. Although our carbonyl titration 
method is applicable to a wide range of bio-oils, aging behavior is vastly different between fast pyrolysis 
and CFP samples. We are interested in the development of a more universal aging test, but more work is 
needed to understand the aging behavior of CFP samples and other non-fast-pyrolysis, biomass-derived 
intermediates. 
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ADVANCED CATALYST SYNTHESIS AND 
CHARACTERIZATION 
National Renewable Energy Laboratory, Argonne National Laboratory, and 
Oak Ridge National Laboratory 

PROJECT DESCRIPTION 
The ACSC project—in close collaboration with 
ChemCatBio enabling projects, CatCost, and the 
Engineering of Catalyst Scale-Up project—(1) 
provides fundamental insight into working catalysts 
leading to actionable recommendations for all of the 
ChemCatBio catalysis projects, (2) addresses 
overarching catalysis challenges central to 
ChemCatBio, and (3) adapts and applies new 
synthesis methodologies and in situ/in operando 
characterization capabilities to meet the evolving needs of the catalysis projects. The outcome is a transition 
from empirical catalyst development to rational design through the prediction of materials with targeted 
properties based on advanced characterization combined with computational modeling and the synthesis of 
next-generation catalysts with predicted structures that yield demonstrated improvements in catalytic 
performance. In FY 2018, the ACSC helped to demonstrate the utility of the complete catalyst and process 
development cycle for DME to high-octane gasoline over metal-modified zeolite catalysts for the Upgrading of 
C1 Building Blocks project. In FY 2021, we will leverage the capabilities, expertise, and computational 
models established for this effort to target next-generation catalysts for ethanol to distillates for the Upgrading 
of C2 Intermediates project with enhanced performance in half the time. 

 

WBS: 2.5.4.304 

Presenter(s): Adam Bratis; Meltem 
Urgun-Demirtas; Susan 
Haas; Zia Abdullah 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $4,500,000 
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Photo courtesy of NREL/ANL/ORNL 

COMMENTS 
• The ACSC is an enabling consortium intending to provide fundamental insight leading to actionable 

recommendations to accelerate the catalyst design cycle. Their aim is to understand working catalysts. 
The ACSC provides controlled synthesis, advanced spectroscopy, and spatially resolved characterization 
(three core pillars).  

Management: The program is responsive to feedback from partner consortia, stakeholder projects, and 
the IAB. The active management structure is clearly outlined; leaders in synthesis, spectroscopy, and 
spatially resolved characterization are clearly identified, and appropriate liaisons are designated for 
mature collaborations. There are multiple modes of interaction with the ACSC, providing how projects 
can access ACSC infrastructure according to their specific needs.  

Approach: The approach focuses on identifying active sites under working conditions to help inform 
computational modeling for predicting better materials, developing new catalysts, and verifying their 
performance. The team is focusing on a current challenge of accelerating the development of catalysts in 
the C2 upgrading platform. A key capability in the ACSC is the ability to synthesize model catalysts 
with well-defined active sites, which is essential for good experimental characterization of structure and 
function for comparison with computational models. The team is tackling new challenges as they arise. 
For example, there is a new focus on electrocatalysis, and they are considering lower-cost metal 
phosphides and carbides for use in the CFP program.  

Impact: The 2019 Peer Review indicated that industry partners would benefit greatly from access to 
ACSC capabilities; this is occurring through DFA projects. The ACSC clearly impacts catalytic 
upgrading projects across ChemCatBio. Affiliated programs, such as Co-Optima, also benefit because 
the need for better synthesis and characterization is pretty ubiquitous. Some clear examples of ACSC 
impact are their contributions toward understanding the active state and function of Cu sites in catalysts 
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used for C1 and C2 upgrading. A strategy for the regeneration of metal carbides under mild conditions 
would be a nice impact. This team is producing high-quality contributions to basic catalysis science.  

Progress and outcomes: The team has demonstrated a complete catalyst development cycle by 
developing next-generation catalysts for C1 upgrading in the DME-to-high-octane-gasoline pathway. 
This required collaborations across various projects and consortia, ultimately leading to direct 
improvement in fuel properties through catalyst design. ACSC work is focusing now on identifying 
active sites in Cu/Zn/Y catalysts, and characterization has revealed atomically dispersed cations under 
reaction conditions, which is important to understanding their function. Overall, this is a good example 
of providing excellent synthesis/characterization to build understanding of how materials are working 
under reaction conditions. The ACSC team was instrumental in understanding how potassium impacts 
the deactivation of Pt/TiO2 catalysts; the project is doing a good job of connecting model and real 
systems, and the potassium study is one good example of such. Efforts to understand how water impacts 
the structure and stability of catalysts is a positive direction given the ubiquity of water in biomass 
processing. The team designed and deployed a scalable flow synthesis method, which should help to 
provide quantities of materials required for commercial processes. 

• Characterization is critical to advancing the understanding of catalyst function, kinetics, and structure. 
This program appears to be having impact across numerous projects and technologies, fulfilling its 
overarching goal. With samples moving back and forth, “chain of custody” and sample identification is 
quite a complex and challenging management function. Designating an individual as a single-point 
liaison for each is a good way to address this challenge. The question that I was frequently asked when I 
proposed using an “exotic” analytical technique was: “What will you do if you get the answer?” For at 
least the Cu/BEA system, it appears that the characterization helped influence the progress, where Ga 
and Zn were identified as candidates for improving dehydrogenation. The in operando evaluation of Pt 
regeneration confirms what Gabor Somorjai proposed many years ago—I wish I had access to more in 
operando techniques in my day. 

• There is excellent management of the team. The results of solid management are clear from the progress 
of the catalyst programs. The excellent feedback loop via monthly meetings and joint decision-making 
with the teams makes for rapid progress and the ability to shift program(s) as needed to improve catalyst 
systems. Catalyst improvement is key to the overall BETO program in many different conversion areas. 
Industries—both chemical and fuels—rely heavily on catalyst technology, and this team’s work will 
have long-term impact in both biofuels and existing chemical and fuel processes. I did have a question 
for the team: Although none of the programs are using low-temperature olefin metathesis, was this 
considered by the catalyst team or other teams that they work with for conversion of olefin and 
functional olefins to higher analogs? This type of catalyst has clearly moved out of the pharma-only 
arena into chemicals in the last 10 years, and it seems to be a missed opportunity area for BETO and the 
government laboratories. Clear results are shown by the team in terms of catalyst selection and cycle 
time reduction across numerous programs within BETO. The impact on external companies and 
partnerships is clear. The pace of publications continues to inform the industry and clearly proves the 
team’s world-class catalysis synthesis and characterization. The team has attracted some big names in 
industry as both partners and external IAB members. No outages are seen, although some catalyst 
development of some of the bio-derived materials may not be the best use of the group due to the 
challenging economics, even with the best catalyst system they can develop; however, the team is doing 
great work even in those programs. 

• The ACSC project provides advanced technologies and abilities to characterize and synthesize catalysts 
critical for the mission of the Catalytic Upgrading Technology Area. The advanced characteristics 
technologies help rationalize the design of catalysts with the other enabling groups, such as CCPC. The 
advanced synthesis capability enables the specific research projects to possess the catalysts that they 
want, a critical step in investigating catalytic performance in experiments. The ACSC has shown 
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impressive progress when collaborating with the Upgrading of C1 Building Blocks project. It would be 
very interesting to see their progress in the Upgrading of C2 Intermediates project. It could be beneficial 
if the three enabling groups could play a more independent role in the catalytic upgrading program. It 
could also be beneficial if the ACSC could consider sustainability and affordability when developing 
catalyst synthesis. In addition, it would be beneficial if the ACSC would leverage their experience to 
develop some tools or standard operating procedures that can help the researchers with the high synthesis 
skills to prepare the catalysts. 

• The key goal of the ACSC project is presented on slide 3 and the quad chart (slide 28) to provide 
fundamental insight that leads to critical R&D decisions to take action. This is a very clear, succinct 
goal, and the ACSC embodies the core of the catalysis scientific principles and fundamentals of 
ChemCatBio. The team did an outstanding job of providing quantitative targets to this goal with baseline 
process KPIs, targets, and fundamental catalysis metrics. For most of the ChemCatBio portfolio, the 
experimental work centers around deactivation principles, which really explains why CDM became a 
key enabling project of its own. It is understood that the ACSC has other distinguishing objectives from 
CDM. It is good to see tight, close-knit collaboration, even if it has the optics of having a little 
redundancy. The leaders across ChemCatBio should continue to promote the same unifying messages to 
focus and strengthen the consortium. The ACSC should continue to clarify how the project contributes to 
the accelerated catalyst and process development cycle. It was good to hear half the development cycle 
time stated. The management plan centers around offering three families of advanced catalysis tool 
platforms: rooted in spectroscopy, imaging, and synthesis. The lead PI appears to serve as the project 
manager or team POC, organizing meetings and driving task completion. The risks associated with 
instrument reliability and mitigating strategies were not discussed. This should be at the forefront of the 
project management metrics for such a service organization, along with the monitoring tools and strong 
preventative maintenance program.  

The key project milestones mentioned on the quad chart (slide 28) show how fundamental catalysis 
insight from the ACSC/CCPC collaboration drives the design and development of a generation of noble 
metal-free catalysts for the CFP pathway. This is clearly a cost-savings milestone. The ACSC should 
consult the TEA team on estimating the financial impact of this work on MFSP. The close collaborations 
fostered by the ACSC (e.g., CCPC, CCM, Advanced Photon Source, Systems Development and 
Integration) have led to significant reductions in the final MFSP estimations. There appears to be some 
interactions with the ChemCatBio IAB at some frequency. The level of engagement with the IAB and 
other industry partners within ChemCatBio is quite impressive, as presented on slide 13. There continues 
to be direct interactions with industry, with more than 50% of their collaborations funded via the directed 
funding opportunity (DFO) program. The communication plan involves monthly meetings and annual 
face-to-face interactions. The group has generated 14 papers and 5 patents within the last year. On the 
impact slide 15, the team has also provided a webinar and continues to communicate data into the Data 
Hub. In terms of SOA synthesis and characterization tools, which are generally housed in universities 
and national labs, the ACSC is clearly part of the SOA. Their approach is to be as flexible and 
responsive as possible to the ChemCatBio client. This will definitely help move BETO closer to its 
goals. The team’s perspective on slide 9 that it is difficult to quantitatively evaluate how much ACSC 
contributes to the cycle development acceleration is greatly appreciated and honest. It was mentioned 
that the normal baseline can take about 3 years, with a goal to complete the actionable work within 1.5 
years. This is the foundational premise of ChemCatBio and remains the reason behind the approach 
criteria. The team should continue to strive to find experimental ways to speed up characterization and 
synthesis. This is why the close cooperation with the CCPC is paramount to introduce the learning 
algorithms into the approach where experimental characterization can take more of a validation role in 
the future.  

The ACSC supports the BETO Conversion Technology Area objectives pertaining to integrated 
conversion technologies by showing how new catalyst materials are moved into other BETO scaled-up 
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system integration efforts. The ACSC has demonstrated support for the BETO Strategic Analysis Goals 
to ensure high-quality, consistent, reproducible, peer-reviewed analyses; to develop and maintain 
analytical tools, models, methods, and data sets to advance the understanding of bioenergy and its related 
impacts; and to convey the results of analytical activities to a wide audience, including DOE 
management, U.S. Congress, the White House, industry, other researchers, other agencies, and the 
general public. The ACSC supports the Conversion R&D SMART Goal by 2021, completing the R&D 
necessary to set the stage for a 2022 verification that produces both fuels and high-value chemicals to 
enable a biorefinery to achieve a positive return on investment. In support of the BETO Synthesis of 
Intermediates and Upgrading initiatives, ACSC is aligned with the objectives of strengthening the 
Enabling Tools within the Computational Modeling & Analytical Tools as well as the Standards & 
Method Development efforts. At this stage, the use of these advanced techniques to generate a new 
generation of catalytic materials is inherently innovative, and the team has the intellectual property to 
prove it. The fact that the core premise of this group involves employing advanced characterization 
techniques to understand working catalysts makes the approach relevant and innovative. The ACSC 
understands its critical role in the U.S. R&D catalysis community in how they stress their capabilities 
with working catalysts versus modeled surfaces only. This is why the team’s impact can be seen in the 
industry collaborations, providing answers to difficult fundamental catalysis questions. Further, the data 
will be shared online for the bioenergy community to take advantage of the knowledge. The ACSC has 
already proven that their impact has great commercial potential in their DFO collaborations with 
industry, which informs ChemCatBio.  

In so many ways, the ACSC has made great progress toward its project goals to provide fundamental 
insight that leads to R&D action, especially with project funding arriving in late 2020. Some of the many 
notable achievements include:  

o Active site identification, followed by suggesting co-metals for the design of bimetallic Cu-X/BEA 
DH catalysts resulting in the synthesis of next-generation C4 DH catalysts with improved activity 
and selectivity. 

o Coke characterization leading to the optimal oxidative regeneration temperature for Cu/BEA spent 
catalysts from DME transformations. 

o Identification of the Cu surface agglomeration mechanism during ethanol conversion over Cu-Zn-
Y/BEA leading to a change in regeneration procedures. 

o Active site identification of metal and acid sites for methanol coupling-supported Cu catalysts 
resulting in optimized synthesis protocols. 

o Elucidation of the dispersive impact of oxidative regeneration cycles on Pt/TiOx spent catalysts 
from ex situ CFP upgrading reactor beds resulting in changes in regeneration protocols. 

o Determined surface basicity from water-exposed MgO (111) surface as an active site during aldol 
condensation, impacting the decisions on how to regenerate, verifying a low-temperature, 
continuous synthesis procedure for transitional metal carbides that resulted in increases in reverse 
WGS activity, regeneration of Mo2C without overoxidation, and loss to sublimation. 

o Characterization of hydrogen evolution reaction activity in CuPx materials leading to applications 
for electrochemical CO2 reduction.  

The team has very impressive technology development stories that can be bolstered by first always 
sharing what the original approach/decision/direction was before the ACSC became involved to clearly 
quantify the value. The study of transition metal carbides has great potential for replacing noble metal-
based CFP catalytic materials. The ACSC has devoted a great effort to further understanding these 
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materials, although the milestone has not yet been reached. Another non-noble-metal-free platform 
should be proposed as an alternative approach and/or an alternative synthesis strategy for the carbides to 
mitigate any risks. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their thoughtful insight and constructive feedback. We appreciate the 

positive comments regarding our quantitative catalyst development targets developed in collaboration 
with the ChemCatBio catalysis projects and our TEA team; the strong interaction we have had with our 
industry partners, particularly through the ChemCatBio DFO projects; and our overarching goal of 
contributing to the acceleration of the catalyst and process development cycle by providing fundamental 
insight leading to actionable recommendations. We agree with the reviewers that the ACSC project 
should continue to clarify how we contribute to the acceleration of the catalyst and process development 
cycle, and we are looking forward to quantifying this acceleration with the Upgrading of C2 Building 
Blocks project this year in comparison to our previous collaboration with the Upgrading of C1 Building 
Blocks project, which served as a baseline for the complete development cycle. We also agree that there 
are risks associated with instrument reliability, and the mitigation of these risks through a strong 
preventative maintenance program coupled with our development of complementary characterization 
techniques is an important goal of the program. We will continue to maintain and strengthen our 
collaborations with the TEA team (including the CatCost tool) and the CCPC to ensure that our efforts 
have a measurable impact that considers costs and to move toward predictive models that can further 
accelerate catalyst and process development. Finally, we will continue to evaluate metal carbide catalysts 
as replacements for noble-metal-based materials by focusing on developing a strategy for regeneration 
under mild conditions and identifying other non-noble-metal systems that could serve as an alternative to 
mitigate associated risks. 
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CATALYST DEACTIVATION MITIGATION FOR BIOMASS 
CONVERSION 
Pacific Northwest National Laboratory 

PROJECT DESCRIPTION 
Catalyst Deactivation Mitigation for Biomass 
Conversion is addressing catalyst deactivation issues 
associated with the catalytic conversion of biomass 
materials. Industrial catalyst lifetimes are on the order 
of years, whereas catalysts being developed under 
ChemCatBio may not see TOS beyond 500 hours in 
early-stage R&D. Some unique qualities of biomass 
materials bring significant issues to catalyst 
longevity, which is an overarching challenge. This 
project, an enabling capability of ChemCatBio, serves as an R&D team specialized in identifying a catalyst 
deactivation mechanism and developing solutions for improved catalyst lifetime. In the past 2 years, we 
worked collaboratively and coordinately with various projects to address catalyst deactivation challenges and 
support specific technologies in expanding catalyst lifetime. Some examples include (1) a comprehensive 
study on the impact of inorganics on different types of catalyst active sites and mitigation strategies and (2) 
enhanced understanding of the deactivation mechanism leading to next-generation catalysts with improved 
stability for ethanol upgrading. We provide fundamental insights into catalyst longevity to guide the rational 
design of robust and industrially relevant catalyst. We directly address catalysis barriers to improve catalyst 
lifetime and achieve ChemCatBio’s goal of accelerating catalyst development and technology readiness for 
industry application.  

 

WBS: 2.5.4.501 

Presenter(s): Huamin Wang; Asanga 
Padmaperuma; Corinne 
Drennan 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $900,000 
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COMMENTS 
• Catalyst deactivation is a key problem that needs to be addressed for every process; it is good to see that 

at least one project is focused on this problem. It would be good to have a person identified for each 
portion of the project. Catalyst deactivation mechanisms can be differentiated on the basis of the kinetics 
of deactivation; some are zeroth order, and some are first order; however, it takes a long time (often 
1,000 hours) to obtain enough data to differentiate these. Often there are multiple mechanisms of 
deactivation. The mechanism that is observed can change with time, which is common for Fischer-
Tropsch catalysts, for example, where during the first 100 hours, sintering is key, but when that comes to 
steady state, coking becomes the most important deactivation mechanism. The faster deactivation is 
observed first, and a slower deactivation can be observed after the first mechanism has “ended.” Solvent 
washing is effective; can it be implemented in a commercial system? Does the catalyst have to be 
removed from the reactor? If so, then it is likely only useful for fluid bed catalysts or maybe where swing 
reactors are used. 

• The team has done an excellent job managing a key, complex issue for catalysis. The management 
strategy is solid and maintaining good communications with the team and input from the IAB. This is a 
key to the success of the catalytic program cost improvements and viability, and the program has clear 
goals and challenges. There is good use of all tools and inputs at hand to address the outlined key issues. 
There is large potential to impact multiple programs. This is key to success, as indicated for multiple 
programs, which is why this is so important. There is excellent progress on mitigating deactivation by 
defining the key areas for the team to focus their efforts. 

• Since the 2019 Peer Review, this project has matured considerably and grown into a role as a supporting 
capability for catalytic upgrading programs. Deactivation is ubiquitous in these systems, and it is a major 
cost driver and risk factor for scale-up. Having a program dedicated to understanding and mitigating 
deactivation is critical.  

Management: Interactions and contacts with other consortia and the IAB are clearly defined. The roles of 
the steering committee and advisory board are clear, and each is contributing to project directions, 
informing research activities, and ensuring appropriate milestones.  
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Approach: This project has a pretty targeted focus on increasing catalyst durability, which is a critical 
challenge in biomass upgrading technologies. The program leverages fundamental catalysis science 
through collaborations with the ACSC and CCPC to understand deactivation and rationally improve 
stability. Specifically, the team incorporates appropriate experimental, computational, and 
characterization techniques to understand the modes and mechanisms of deactivation. The team’s 
mitigation toolbox is robust and considers the relevant aspects of both the prevention of deactivation and 
the restoration of activity losses. Future direction aims at working with more realistic systems, not only 
model catalysts, which is appropriate considering that the integration of unit operations always presents a 
challenge for scale-up.  

Impact: This team is helping to improve the lifetimes of catalysts used across ChemCatBio, which is a 
significant impact. Doing this helps to de-risk technologies and reduce costs for biomass conversion. 
Two important focus areas for this group are (1) coke deposition and active site poisoning (via 
potassium) during bio-oil hydrotreating and (2) stabilizing zeolites for use in hot liquid water. These two 
broad initiatives impact much of the ChemCatBio portfolio in some way, so they are helping to advance 
the cost-effective production of bio-based fuels and chemicals. It is also worth pointing out that the team 
is addressing a grand challenge in catalysis science (a fundamental understanding of catalyst 
deactivation), which is often overlooked in the peer-reviewed literature. Some specific impacts are the 
development of a stable catalyst for C2 (ethanol) upgrading, understanding the role of potassium ions in 
the deactivation of Pt/TiO2, and developing effective regeneration protocols for Pt/TiO2 catalysts 
poisoned by potassium when processing dirty CFP feedstocks.  

Progress and outcomes: This project has provided support for improving catalyst stability in ethanol-to-
butenes technology, identifying coke formation, sintering, and silver oxidation as the main mechanisms 
of deactivation. This allowed for the development of a better catalyst for the C2 upgrading project. The 
project was instrumental in determining the mechanism of deactivation by potassium deposition with 
CFP upgrading catalysts. Understanding the mode of potassium deactivation resulted in the development 
of a solvent washing method to regenerate material, which has proven effective in improving the catalyst 
lifetime. 

• The key goals of the CDM project are presented on slide 2 and the quad chart (slide 22)—namely, to (1) 
provide actionable information that leads to catalyst lifetime improvement and (2) enable accelerated 
catalyst and process development. From the tornado analysis for ex situ CFP, upgrading catalysts must 
last 3 years between change-outs with a regeneration reactor ratio of at least 2:1 to significantly reduce 
the MFSP below $3/GGE. These are quantitative R&D targets accompanying the goal stated above. The 
CDM touches every part of ChemCatBio and is highly collaborative. The team should have a dedicated 
project manager because it touches so many ChemCatBio functions. The key milestone was specific and 
measured, helping at least two ChemCatBio processes gain insight into the deactivation modes and 
propose a regeneration technique. This is a reasonable, straightforward milestone to set. Other key 
deliverables were mentioned on slide 11, such as the impact of steam and hot liquid water, which are so 
impactful to the bioenergy community. The project risks and success factor were shown on several 
slides. The risk management plan was not as apparent. CDM supports BETO’s Strategic Analysis Goals 
to ensure high-quality, consistent, reproducible, peer-reviewed analyses; to develop and maintain 
analytical tools, models, methods, and data sets to advance the understanding of bioenergy and its related 
impacts; and to convey the results of analytical activities to a wide audience, including DOE 
management, U.S. Congress, the White House, industry, other researchers, other agencies, and the 
general public. The CDM project supports the Conversion R&D SMART Goal by 2021, completing the 
R&D necessary to set the stage for a 2022 verification that produces both fuels and high-value chemicals 
to enable a biorefinery to achieve a positive return on investment. The project addresses key barriers in 
Synthesis and Upgrading and Process Integration by identifying impacts of inhibitors and fouling agents 
on catalytic and processing systems. CDM has a very close interaction across ChemCatBio, with very 
frequent meetings and interactions with the ChemCatBio steering committee and the IAB. In the case of 
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the CDM, the SOA for providing fundamental insight would be mostly available in the literature or 
within industrial facilities with plant data. Corporate R&D groups often use a combination of models and 
proprietary accelerated deactivation techniques. The ChemCatBio team brings the advantage of having 
access to advanced characterization tools to study the material science related to deactivation events. In 
that regard, the approach here of deactivation mechanistic elucidation for catalysts on the projects 
bottlenecked by stability issues should advance the SOA every time. The approach of using advanced 
characterization and computer modeling is a tried-and-true method for understanding deactivation at the 
fundamental level. The family of next-generation catalysts resulting from the experimental synthesis, 
characterization (structure), and performance (function) cycle will be innovative and generate patents 
and development opportunities with industry partners across ChemCatBio. The catalysis community will 
benefit greatly from this work because much of it is done in-house by corporate R&D groups to optimize 
commercial materials. Now, this information will be available to the public, and the CDM understands 
the impact of their project on the community, which is important. Further, the team has plans on 
releasing this information in a variety of ways, including the Data Hub. The impact to catalyst 
manufacturers will be known in future years as the processes are developed using this information in the 
design basis. Inherently, catalyst deactivation understanding and the generation of new material 
formulations from this insight has tremendous commercial potential. Although direct industry 
engagement on the CDM project is not present now, the deliverables will elicit great corporate interest. 
The CDM team was able to make progress on providing fundamental deactivation insight on upgrading 
catalysts for two processes: ETO via Ag-ZrOx/SiO2 and CFP via Pt/TiO2. The mitigation approaches 
were successful for the ETO, and a new-generation Ag-ZrOx/SiO2 catalytic material was developed. 
Metal poisoning by potassium was studied both experimentally and computationally, with fundamental 
questions remaining on deposition impact. A solvent-based regeneration method was developed as a 
mitigation strategy. This is excellent progress. The key milestone of helping at least two ChemCatBio 
processes gain insight into the deactivation modes and propose a regeneration technique was 
accomplished on time. In fact, for the case of potassium deposition, the risk mitigation action of 
developing a solvent-based regeneration technique was enacted despite the fundamental questions 
involving surface deposition still remaining. 

• This is an “infrastructure-level” project that is not in the spotlight but is extremely important for the 
development of catalysts. Such a project deserves more attention. It is impressive to see that the team 
managed to help the development of quite a few catalysts in the Catalytic Upgrading Technology Area, 
and it could be beneficial if they can apply their knowledge and tools to the other projects. It could also 
be beneficial if the team can collaborate with the other teams in the area to develop principles for 
designing catalysts that can endure long in harsh conditions (such as high-concentration contamination). 
Considering the diversity of the biomass feedstock, the ability to endure harsh conditions would be 
important for catalysts. 

PI RESPONSE TO REVIEWER COMMENTS 
• We greatly appreciate the support for the project, the thoughtful analysis, and the constructive feedback 

provided by the reviewers. We agree that catalyst deactivation is a key challenge that needs to be 
addressed for every process in biomass conversion, and having a program dedicated to understanding 
and mitigating deactivation is critical to the success of ChemCatBio. We will continue to build on the 
collaborative efforts within ChemCatBio in addressing catalyst deactivation challenges and our early-
stage technical successes by (1) maintaining a collective and collaborative approach with core catalysis 
projects and enabling capabilities for this effort, (2) tackling the most impactful and grand catalyst 
stability challenges and balance overarching challenges with specific needs of catalysis projects, and (3) 
utilizing multiple technologies to ensure rigorous deactivation mechanism determination and robust 
regeneration method development. We agree with the reviewers that understanding long-term catalyst 
stability is critical to obtaining enough data and capturing the deactivation mechanism change with time. 
We are working with catalysis projects to evaluate catalyst stability at longer TOS—for instance, 800 
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hours for the ethanol conversion catalyst—and we are targeting to develop accelerated testing for 
simulating long-term stability and faster catalyst stability evaluation. We agree with the reviewers that 
direct industry engagement to access existing plant data and attain great corporate interest in our 
deliverables is important. We are engaging with our IAB and other industry partners on this topic, and 
we will provide generated knowledge to industry and catalysis R&D communities via publications, 
workshops, webinars, and the ChemCatBio Data Hub. 
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CATALYST DEVELOPMENT FOR SELECTIVE 
ELECTROCHEMICAL REDUCTION OF CO2 TO HIGH-VALUE 
CHEMICAL PRECURSORS WITH OPUS 12 
National Renewable Energy Laboratory and Opus 12 

PROJECT DESCRIPTION 
Cost-effective electrochemical reduction of CO2 
(ECO2R) is considered one of the holy grails of green 
chemistry; however, widespread commercial fuel and 
chemical production via ECO2R is limited due to the 
lack of a suitable reactor design and catalysts with 
high selectivity to the desired products. This 
technology has the potential to convert CO2 into a 
range of molecules that would benefit the biofuels 
and bioproducts industry. Within the bioenergy 
industry, more than 45 million metric tons of CO2 per year are generated from existing domestic biorefineries. 
With projections of abundant and inexpensive renewable electricity, utilization of this domestically produced 
CO2 to make fuels and chemical products has the potential to significantly enhance the economic viability of 
these operations. 

The core innovation developed by Opus 12 is a reactor design that enables ECO2R in a polymer electrolyte 
membrane (PEM) electrolyzer. A novel polymer blend and transition metal nanoparticle catalyst on carbon in 
the cathode layer transform a PEM water electrolyzer into a PEM CO2 electrolyzer. The goal of this project is 
to enable the scalable synthesis and reactor integration of high-performance nanoparticle catalysts for 
deployment in a commercial ECO2R system that can convert CO2 with high selectivity to CO, CH4, or C2+ 
products for the specific needs of customer segments within the biofuels and bioproducts industry. Leveraging 
the synthesis and characterization expertise within ChemCatBio and the advanced PEM diagnostics developed 
by the Hydrogen and Fuel Cells group at NREL, this project aims to address the explicit industry need of 
developing scalable, high-performance catalysts to enable the commercialization of tunable PEM CO2 
electrolyzers. 

WBS: 2.5.4.707 

Presenter(s): Adam Bratis; Fred Baddour; 
Zia Abdullah; Courtney 
Payne; Jessica Krupa 

Project Start Date: 10/01/2020 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $614,077 
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Photo courtesy of NREL/Opus 12 

COMMENTS 
• CO2 electrolysis to products is a tall order, with many hurdles. This project attacks one of the key 

problems of resistance of the cell, often due to poor electrode structure and performance. The team has 
developed a very generally applicable synthesis procedure for small particle “paints” as well as a clever 
system to detect pinholes in the electrolytes. The improved life and reduced resistance show that the 
“engineered” particles are providing real-world value. Opus 12 is lucky to have such a creative and 
effective partner. 

• ECO2R is a clever idea that converts CO2 to chemicals using abundant power generated by biomass. If 
achieved, this would significantly reduce CO2 emissions and increase the economic output of biomass 
processes. The project advances appropriately and seems to be on its path to achieve the goal. 

• The management has done a great job with the program working with their external partner. This 
program shows the potential of the BETO labs to impact smaller startup companies to attain faster 
results. My previous concern over this program approach has been unfounded. They are meeting targets 
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in an exciting way, and there is high potential for a unique technology that can become a broad use 
technology tacked onto existing facilities in industry. A smart approach to CO2 conversion and the 
team’s joint work has progressed well since the 2019 Peer Review. It could have a solid impact once 
scaled, and very few proven approaches or options are available to CO2 conversion. There has been 
outstanding progress on this program clearly due to the collaborators on both sides. It has great promise 
for a unique technology approach. I am looking forward to following the progress as they begin to scale. 

• The key goal of the Opus 12 project is presented on slide 2 and the quad chart (slide 26) to gain 
fundamental insight on metal-carbon support interactions within nanoparticle catalysts for carrying out 
electrochemical CO2 reduction chemistry enabling scalable synthesis strategies. The project roles are 
clearly defined between NREL and Opus 12, with some ChemCatBio support from the ACSC and 
CatCost. No project managers were identified for the team, nor were any quantifiable target KPIs, risks, 
or mitigation actions given. A key project milestone includes demonstrating a 10% reduction in 
overpotential and a 10% higher partial current. The project is highly collaborative, giving timely 
feedback between the partners at each stage in the catalyst design and development cycle. The iterative 
development approach centers around synthesis and structure-function characterization, which should 
advance the SOA. The approach was mentioned in the first project overview slide regarding 
benchmarking the SOA catalysts and subsequent membrane electrode assemblies (MEAs). The project 
supports BETO’s push for novel technologies by pursuing research on innovative technologies that can 
broadly enable the conversion of feedstock to fuels and products. The approach should result in 
improved best practices as well as new catalyst materials and MEA fabrication, which allows for the 
catalyst to be tested in real process environments. This is the actual process-intensified unit. The team 
understands that very clean sources of CO2 feedstock are available at biorefineries around the country. 
The team showed that new synthesis methods can reduce the cost of cathode catalysts in Phase I as well 
as membrane fabrication quality monitoring. The project clearly has a major impact on Opus 12’s 
business because many of the catalysts screened were not available commercially. The larger impact of 
CO2 transformations on the bioenergy industry and DOE was not really discussed. This project is already 
working with a commercial partner, so the pathway to developing technology-ready hardware is clear. 
Significant progress toward the project goal of enabling catalyst synthesis through characterization was 
made meeting particle size and loading targets using aqueous solution synthesis techniques. The photo 
diode array instrument for membrane quality evaluations was critical to the project. A second-generation 
catalyst performed much better with stability and efficiency. All of this work was done in batch 
operational mode. The use of 3D printing, where appropriate, could help reduce fabrication costs. Key 
future milestones involving overpotential and partial current targets have not been reached. Significant 
milestones have been achieved with the catalyst synthesis and MEA quality work. 

• This seems to be a very good fit for the DFA program. The presentation was clear and cogent, giving a 
detailed picture of the project organization and technical challenges. I was genuinely excited about the 
project, which is enabling scalable synthesis and reactor integration of nanoparticle catalysts for 
deployment in the commercial electrocatalytic reduction of CO2. The overarching concept is a good one: 
capturing CO2 and converting to chemicals and/or fuels, potentially making for a carbon-negative 
technology. The team is well positioned to capitalize on green, inexpensive electricity as it comes 
increasingly online.  

Management: This is a partnership between NREL and Opus 12. Their roles are clearly defined, with the 
synthesis, design, and characterization of catalysts at NREL, appropriately leveraging the ACSC. Opus 
12 handles MEA assembly and testing, and NREL does PEM diagnostics. There is a great data 
management strategy, with respect to proprietary information in particular. Overall, the project 
management is very good, with appropriate feed-forward/feedback of information to facilitate iterative 
development.  
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Approach: The roadmap for this Phase II DFA project is nicely organized. The challenges are clearly 
identified, which makes for a clear rationalization of the approach. Three challenges are poor uniformity 
and particle size control in commercial formulations, low loadings of the active phase in the commercial 
catalyst, and strategies for improved defect detection. The team is using ACSC capabilities to control 
particle size and heterogeneity. Relevant to technology transfer and scale-up, they have developed a flow 
technology for catalyst preparation. It uses micro (milli?) fluidics, and I appreciated the use of 3D 
printing to facilitate rapid prototyping.  

Impact: There is a clear impact of improving the economic viability of electrocatalytic CO2 reduction. 
Specific to catalysis, providing smaller, more uniform particles for Pt group metals increases active 
surface area and decreases the cost of a working MEA. The membrane diagnostics tools provide fast 
detection of failures and insight into failure modes, which is a considerable impact in its own right. It is 
noteworthy that ChemCatBio has enabled the fundamental evaluation of industrial (electro) catalysts 
under working conditions, which is atypical for an industrial catalyst.  

Progress and outcomes: The team has developed an aqueous solution synthesis method for controlled 
particle size and a strategy for incorporating catalysts onto membranes. Impressively, this was scaled up 
by three orders of magnitude. The team has demonstrated that these catalysts can be deposited on 
membranes without inducing defects. There was a nice integration of the CatCost tool in this project to 
develop a dollar-per-current efficiency value and select a best catalyst. Detailed advanced 
characterization identified major challenges in moving the technology forward. This initiated a new 
round of the development cycle, with synthetic methods designed to address specific challenges. I would 
consider this an example of closing the loop, which is always nice to see. Second-generation materials 
showed performance enhancement relative to the first generation, and they are better than a commercial 
baseline. Importantly, the new catalysts are also stable under working conditions. 

PI RESPONSE TO REVIEWER COMMENTS 
• We appreciate the reviewers’ thorough assessment regarding the goals, scope, and current progress of the 

project, and we are happy that this project was able to highlight significant progress since the last Project 
Peer Review. We share the reviewers’ optimism and excitement about the potential impact continued 
work in this area could have on this industry, and we look forward to pushing toward the Phase II goals 
of the project. 
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CHEMCATBIO DATA HUB 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
The goal of the ChemCatBio Data Hub project is to 
accelerate the catalyst and process development cycle 
by developing transformational tools for prediction 
and collaboration in catalyst R&D. The project is 
currently focused on the development of the Catalyst 
Property Database (CPD), a free and public resource 
released in September 2020. The CPD was designed 
to advance the SOA for the application of 
computational data. When computational data, such as computed reaction energetics, are used in catalyst 
design, they are almost always generated by the researchers seeking to use them, even if similar data have been 
published previously. One barrier to data reuse that results in this duplication of effort is the difficult process 
of finding and applying published data, which can be slow, error-prone, and manual. The CPD seeks to 
overcome these challenges by creating a centralized, searchable database of quality catalyst property data. At 
present, the CPD contains computed adsorption energies for intermediates along catalytic pathways. During 
FY 2021 and FY 2022, the development of the CPD continues with a focus on external users and meeting their 
requirements. A batch upload capability, training and curation procedures, user interviews, and a 
demonstration of the CPD’s utility in accelerating catalyst research are planned. Overall, the Data Hub project 
and the CPD aim to reduce the time and cost of catalyst research by harnessing the power of data in catalyst 
discovery. 

 

WBS: 2.6.2.500 

Presenter(s): Adam Bratis; Kurt Van 
Allsburg; Zia Abdullah 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $700,000 
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Photo courtesy of NREL 

COMMENTS 
• The ChemCatBio Data Hub project aims to develop a free and public database for catalysts, the CPD 

(released in September 2020), that can help accelerate the catalyst and process development cycle. Data 
are food in the artificial intelligence age. Collecting data has been one of the most important tasks for 
developing artificial intelligence technologies for catalyst development. The importance of this project is 
without question. It could be beneficial if (1) the project works with prestigious catalyst-related journals 
(such as ACS Catalysis) or funding agencies (such as DOE BETO), (2) the project uses natural language 
processing tools to automate or semi-automate the extraction of information from the literature (a similar 
idea can be found at https://doi.org/10.1021/acs.jcim.6b00207), and (3) the team considers working with 
the other teams in the catalytic upgrading program to develop catalysts based on these data. 

• The concept of having a catalyst database is great. Properly developed, it could save lots of time, effort, 
and money in catalyst development. One thing I tell my staff is, “The cheapest place to do research is in 
the library.” Your project is going to make that even more pertinent. I’m glad to see that you are focused 
on “user-friendly” aspects—that's probably the most significant hurdle to people using any application. 
Are there links to the original papers from which the data originated? (Answer: Yes.) That is useful to 
see how the data were obtained and presented—one person’s “yield” is not necessarily the same as 
another’s, to say nothing of whether they were produced from the same conditions. This would be great 
if it could be extended to catalyst performance information, which is more useful for applied catalysis. 
How is the database searchable? It would be great to be able to search for “cobalt-doped zeolite” or 
“hydrogenation catalyst deactivation” or “ethylene aromatization kinetics.” 

• The Data Hub is a crosscutting and enabling capability. The general vision is to leverage data to 
accelerate catalyst discovery. This project provides a repository for data and an interface for accessing 
the data. The CPD is informed by the vision for a catalyst design engine, and this project is laying the 
groundwork (with CatCost) for combining cost and performance into a tool that rationally designs at 
appropriate cost.  

Management: The project leadership appropriately comprises a diverse group of both theoreticians and 
experimentalists, which is important to ensuring that the full scope of “catalysis” is represented in 
steering the Data Hub project. Collaborations with the CCPC and the CatCost team are appropriate and 
well-leveraged here. Tasks within the Data Hub project are clearly defined, and resources are directed (at 
relevant scale) toward (1) developing the Data Hub and catalyst property database; and (2) maintenance, 

https://doi.org/10.1021/acs.jcim.6b00207
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security, and oversight. Overall, the management structure is strong. Risks are adequately considered, 
and mitigation strategies are appropriate. There are no significant weaknesses.  

Approach: The architecture described by the team is up to modern standards, and it is appropriate for 
engaging both casual and power users, a strength of the project. The team outlined an ongoing challenge 
in the catalyst property database, which is that it intends to increase data quantity by making the database 
open to public contribution; however, ensuring the quality of those contributions requires robust quality-
control measures. The direction of the project to move toward a wiki model that is heavily curated by 
experts seems good in that it allows contributions of broad data sets while ensuring reliability. In my 
opinion, this is a good direction because computational results may skew with the models and methods 
employed, so increasing the diversity of the data available should move the field closer to a “true” value 
for performance descriptors. The reference species translation feature will go a long way toward 
standardizing binding energy reporting. The development plan is appropriate and will keep the Data Hub 
project moving along an appropriate trajectory. There are no significant weaknesses.  

Impact: This project removes redundancy in the computational/experimental determination of 
fundamental catalyst properties. It provides access (potentially) to unpublished data, which is important 
because they may be of interest beyond the scope of the original publication. This is a huge impact of 
avoiding individual researchers constantly reproducing a known data set. Ultimately, the CPD may draw 
from computational and experimental data sources, which should provide reliable benchmarking for, 
e.g., binding energies and improve uniformity in computational results. The Data Hub addresses market 
trends that call for new and advanced catalysts and thus connects with numerous targets. There are no 
significant weaknesses, and this has a great impact for the community.  

Progress and outcomes: The overall idea of the CPD is a good one: It is a publicly accessible, searchable 
repository of catalyst properties. Input data structures have been clearly defined, which will help to 
standardize the reporting of computational results. The system is in use in its current state and is scalable 
to support additional data inclusion and utilization. The set of dictionaries and rules for naming 
conventions will be valuable in standardizing data to improve their accessibility. A straightforward user 
interface has been created with search and filter tools. It is incredibly easy to use. The CPD has been 
released to the public. The Data Hub has advanced considerably since the FY 2019 Peer Review, and 
progress has clearly incorporated feedback from the prior review. The curation of this database is 
impressive, and I hope to see it continue on this trajectory. 

• The goals of the Data Hub project are very clear, as indicated on the quad chart on slide 28 as enabling 
ChemCatBio and the bioenergy industry to accelerate process development by providing public tools 
such as the CPD. There is an easy opportunity to apply some measurable and time-bound aspects to this 
goal. The project credentials and experience of the team seem quite reasonable. The roles of the team 
members were not clearly defined, and the project manager was not identified. The team clearly stated 
the critical two tasks (Data Hub/CPD and project management), the risks associated with them, and the 
corresponding mitigation actions, including project creep, Data Hub efficacy, user-friendliness, and data 
quality. Much of the mitigation approaches involve user feedback and engagement as well as training. 
The key end-of-project milestones and targets were provided on the quad chart—namely, CPD 
demonstration and case study validation showing at least twice the time savings. Other KPIs and/or 
metrics associated with tracking the progress of this work were not mentioned. The communication plan 
for the Data Hub was not explicitly stated. As indicated on slide 10, two project collaborations are 
ongoing with the CatCost tool and the CCPC. No formal advisory board or academic or industry 
engagement is present at this stage. The user feedback is present only as mitigating actions. Subject 
matter expert interviews will take place at the FY 2021 go/no-go stage.  

In terms of the SOA for public, web-based, online comprehensive databases for catalytic materials (e.g., 
DOE Data Explorer, Open Energy Data Initiative Data Lake, Open EI, Materials Cloud Archive, 
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ioChem-BD, PubChem, COD, NOMAD, NIST suite of Standard Reference Data: 3, 40, 69, 101, 103b, 
141, 150, 203), the CPD-focused initiative is poised to push new actionable information out to the 
scientific community and complement existing databases. This will be the first of its kind, and the 
information will be uniquely suited for stakeholders involved in the design of heterogenous catalysts and 
processes for the bioenergy community. Additionally, the level of user engagement appears to be 
enhanced relative to other public data repositories and not simple storage/file sharing functionality. The 
CPD design and architecture appear to be reasonable and robust, and the team seems to understand the 
importance and need for high data quality. This work supports the BETO Strategic Analysis Goals to 
ensure high-quality, consistent, reproducible, peer-reviewed analyses; to develop and maintain analytical 
tools, models, methods, and data sets to advance the understanding of bioenergy and its related impacts; 
and to convey the results of analytic activities to a wide audience, including DOE management, U.S. 
Congress, the White House, industry, other researchers, other agencies, and the general public.  

The approach of establishing a data repository for ChemCatBio is not necessarily the most innovative. It 
is required and essential for modern science, especially if ChemCatBio ever wants to leverage learning 
algorithms to help accelerate catalyst design. The art of creating species translators of high data quality is 
very innovative. It’s exciting to see how that feature will fill in the data gaps in the future. The issue of 
translating to liquid-phase data will continue to be a challenge for this work. The Data Hub team 
understands the importance of the CPD on the catalysis community by limiting the redundant 
experimental effort. On the other hand, consensus and redundancy can often be used as an important data 
quality tool, especially when conducted within interlaboratory coordinated testing campaigns, which, in 
this case, is the published peer-reviewed literature. The predictability aspects of the CPD with respect to 
fundamental reactivity descriptors hopefully will incorporate the physical material constraints, thus 
pointing to realistic opportunities unforeseen by practicing catalysis scientists. In other words, suggesting 
realistic materials that can be synthesized with existing precursors and economic techniques will be 
important. This is important work and should include an education/training campaign in conjunction to 
realize the full impact. The CPD was released to the public in September 2020, which is a key 
accomplishment and proof of the commercial impact. Within a year, the CPD was released to the public. 
This was significant progress toward the project goal of enabling ChemCatBio to achieve its mission of 
accelerating the catalyst and process development cycle by providing public tools such as the CPD. The 
focus of the team on the critical goals should be rewarded and acknowledged. The work effort presented 
here has not been diluted by competing tasks and objectives, although there are clearly other initiatives 
taking place. This deliberate focus will need to continue as the prediction capabilities in the CPD as well 
as the translation tasks must be further developed to create the design acceleration potential. Key 
milestones were accomplished in the areas of data structure and SQL development, standardization on 
naming rules, and the query interface. Now that the infrastructure is in place, the use of automation 
scripts via Python is anticipated for uploading and data preprocessing, and bulk importing was 
mentioned directly. With the Python script, they are trying to address the automation and data quality for 
teasing out the accuracy and to manage the metadata. The team is working on more visualizations and 
analysis tools. All of the key milestones were reached on time. 

• The management team has made outstanding progress considering the complex task to provide a relevant 
and usable database to avoid duplication and nonrelevant information. There is no issue with the 
approach, which is clearly a grand challenge considering the massive amount of data generated by the 
teams during the past years and going forward. In the past year, the Data Hub project was viewed as 
critical for the catalyst speed of development, and the team has responded to develop this database for 
use by all catalyst team members and for public use to be implemented this year. I view this as critical to 
speeding the catalyst development timeline to commercial use and reduced cost to make renewable 
fuels/chemicals a viable option via the key feedstocks, and it could be a way to engage more chemical 
companies and fuel companies because the team built a great way for them to access the information, 
reapply it, and perhaps even provide impetus for further direct engagement with catalyst teams. The 
progress and outcome were sufficient with the limited funding applied early in the program. My own 
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experience teaches that there is too much reinventing the wheel if there is not a good way to search and 
define previous work results that are solid to avoid duplication of effort. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their thoughtful comments on our project direction and management. In 

general, the reviewers found the project goals to be clear and appropriate to the data needs of the 
catalysis community. In particular, the reviewers noted the value of reducing redundancy in catalysis 
research and of unique features like the proposed reference species translation capability for the CPD. 
They further highlighted the growing importance of data in research as well as the value of a resource 
that can facilitate benchmarking and reactivity descriptor discovery by providing a central, searchable 
repository for large quantities of data. We were glad to hear broad support of these development 
directions, and we will keep these priorities in mind as we continue development. The reviewers also 
provided a number of helpful suggestions to guide the project. They highlighted the importance of an 
education and training campaign to ensure that the CPD is usable across the catalysis research 
community, which aligns with the FY 2021 Q3 milestone for this project, “Develop Documentation, 
Training, and Curation Procedures.” It was noted that computational results can become skewed if they 
represent only a few research groups, methods, etc.; to mitigate this risk, our outreach efforts will aim for 
diverse and representative coverage when recruiting new data contributors. Toward the goal of data 
growth, the reviewers suggested working with catalysis journals and funding agencies to encourage or 
require uploads of data to relevant databases such as the CPD. They also suggested using natural 
language processing tools for mining data from existing literature and targeted collaborations with other 
teams in the catalytic upgrading program. We are evaluating each of these approaches and agree that 
they are promising avenues for accelerated data growth. The reviewers suggested new types of data sets, 
such as catalyst performance data, and additional metadata for existing data sets, such as keywords 
focused on the related catalytic process application. These opportunities to expand the database content 
would increase the database utility and will be considered with future development efforts. As a point of 
clarification in response to a question about the project management, the project is performed at NREL 
and led by Kurt Van Allsburg as PI (Carrie Farberow pre-FY 2021), with Trevor Smith as the BETO 
technology manager (Andrea Bailey pre-FY 2021). In conclusion, the reviewers noted that the project 
has advanced substantially since the 2019 Peer Review and has demonstrated focused progress despite a 
number of competing priorities. We appreciate this assessment and the reviewers’ numerous helpful 
comments, which we will integrate into project plans as we continue the development of data tools to 
accelerate catalysis research. 
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OVERVIEW OF CHEMICAL CATALYSIS FOR BIOENERGY 
CONSORTIUM 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
Catalysis plays a central role in converting biomass 
and carbon-rich waste feedstocks into fuels and 
chemicals; however, critical catalysis challenges exist 
that are limiting the commercialization of emerging 
bioenergy technologies. By leveraging unique DOE 
national laboratory capabilities and expertise, 
ChemCatBio seeks to overcome these catalysis 
challenges and accelerate the catalyst and process 
development cycle. The foundation of the consortium consists of an integrated and collaborative portfolio of 
catalytic technologies and enabling capabilities, which positions ChemCatBio to address both technology-
specific and overarching catalysis challenges across the development cycle from discovery to scale-up. The 
core catalysis projects target technological advancements for specific conversion processes, such as the 
catalytic upgrading of biochemical process intermediates, CFP, C1 and C2 upgrading, and electrochemical 
CO2 reduction; and the enabling technologies provide access to world-class capabilities and expertise in 
computational modeling, materials synthesis, advanced in situ and in operando catalyst characterization, and 
catalyst design tools. 

 

WBS: 2.6.3.500 

Presenter(s): Adam Bratis; Josh 
Schaidle; Zia Abdullah 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $620,000 
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Photo courtesy of NREL 

COMMENTS 
• ChemCatBio provides a unique platform that enables researchers to accelerate the development of 

catalysts and relevant technologies for bioenergy applications. This unique platform gathers researchers 
with a wide variety of backgrounds and expertise, creating the opportunity for interdisciplinary research. 
It would be beneficial to create a mechanism that makes everyone’s voice heard, especially for such a 
large group of researchers. It could also benefit if we could use tools such as Teams and Zoom that could 
enable “virtual” meetings and discussion. Such tools may change the way we do research even after the 
pandemic. The research of ChemCatBio shows significant advancement in the last 2 years and is on its 
path toward the DOE BETO goal of affordable bio-based fuel. This research would fundamentally 
impact society. It could be beneficial if the research could leverage more power of artificial intelligence, 
computation, and advanced characteristics. Indeed, some technologies themselves are still in the early 
stage, such as machine learning, though they are advancing rapidly. It could be useful if they can be 
integrated into the research of ChemCatBio more closely. 

• The management team is well organized and does an outstanding job handling the complex number of 
interactions (more than 130 people involved). Josh Schaidle has a big responsibility and is doing a great 
job. The cross-communication within teams and the overall management group is outstanding. The IAB 
is solid, with a revamp from the previous board; the industry partnerships are broad-based; and the 
responsiveness to the IAB feedback also indicates management flexibility to shift based on issues and 
recommendations. Interviewing industry experts is an excellent addition as well. I see only one minor 
issue that is missing from the entire catalyst team development: Low-temperature metathesis is now 
broader than pharma today, and I would have liked to see some FOA or program that involves the latest 
in metathesis catalyst development applied to some of the upgrading programs of the intermediates. 
Again, this is a minor issue, in my opinion, as the results speak for the team’s effort in foundational 
science and applied engineering as key to rapid catalyst development as well as shifting to realistic feed 
streams. The impact is clear, as shown within the individual project progression, the acceleration noted 
from past reviews, and better definition and action to close out projects if they are not able to attain their 
goals. I view catalysis as the most important part of the BETO programs to reach the desired $3/GGE, 
which is a huge challenge in today’s economy of petroleum fuels. There is an amazing number of 
scientific publications, which is a key part of the BETO program to get the catalyst science out there to 
the experts in industry and academia. There are no issues with the progress and potential outcomes going 
forward, as catalysis is so critical to the programs. This work has proven itself, as several players are 
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engaged now through licensing their technologies. I see this team’s ability to impact both biofuels and 
the chemical industry in the future. Catalysis is critical to providing enhanced productivity, cost, and 
selectivity to products and yield needed to achieve the lofty goal of $3/GGE. I see the acceleration 
resulting from the reorganization and quick decision-making based on better criteria, targets in catalyst 
development, and the feedback mechanisms established by the team to accelerate progress on catalyst 
development. 

• Management: The management of ChemCatBio is clearly outlined. There is a hierarchical structure that 
centralizes the POCs and streamlines input from various advisors and stakeholders, both internal to 
BETO and external in academia and/or industry. Importantly, the team relies on their IAB to help direct 
research toward impactful areas. The ChemCatBio program appropriately leverages input from a steering 
committee, and the roles of individual members are clearly defined, ensuring leaders take ownership of 
the various action items required for success of the program. These include coordination of meetings, 
outreach to industry, liaisons with other consortia, and POCs to lead specific initiatives. The team’s 
public outreach effort is centralized with a web interface. The overall vision is one of a very 
collaborative portfolio of projects that cover core technologies, enabling capabilities, and industry 
partnerships. Crosscutting support is necessary and appropriate to tackling the complexity of biomass 
upgrading. The portfolio has been updated to reflect sunsetting projects, feedback from the IAB, 
feedback from the 2019 Peer Review, and/or internal R&D. Programmatic changes are appropriate 
responses, and they are steering the program in a positive direction. Consolidation of programs into 
C1/C2/electrochemical should help to streamline efforts directed to common applications. There are no 
significant weaknesses.  

Approach: The overarching focus of the program is to accelerate catalyst design, development, and 
commercial adoption, ultimately reducing the cost and time for technology maturation. Broadly 
speaking, the program covers all the necessary bases (design, synthesis, characterization, testing, theory, 
deactivation, economic analysis, scale-up, etc.) quite well. This is all aimed at reducing risk in the 
production of biofuel and bioproducts. There are no significant weaknesses.  

Impact: The program has demonstrated multiple important outcomes. Publications, presentations, and 
patents are adequate in number, and the work they detail is high quality. The CatCost tool and the CPD 
are both outstanding, publicly accessible tools. The ChemCatBio intellectual property portfolio has 
resulted in numerous licenses, clearly showing commercial relevance. Three DFA projects have 
successfully transitioned from Phase I to Phase II, which is important for supporting the commercial 
deployment of next-generation bio-based fuels and products.  

Progress: There has been an appropriate focus on catalyst stability, which is a longstanding challenge in 
biomass upgrading. This is particularly true for thermochemical processes like pyrolysis oil upgrading, 
where inorganics and coke formation shorten catalyst lifetimes. This program has generated fundamental 
understanding of deactivation mechanisms, leading to mitigation strategies and better regeneration 
protocols. The CatCost tool has expanded capabilities to make outputs more informative and robust, as 
well as to streamline user interface. The CPD is an outstanding tool that will be of broad interest to those 
doing fundamental catalysis research in design and/or kinetic analysis. Binding energies are a critical 
predictor of catalyst performance, yet, historically, they are accessible only via density functional theory 
or challenging surface science experiments. Having this centralized repository is extremely useful to the 
field. Cross-consortia collaborations were highlighted appropriately. These are important in that they 
interface ChemCatBio programs with separations, Co-Optima, lignin upgrading, and scale-up and 
integration, etc., which cover important parts of biomass upgrading technologies that are external to the 
catalysis focus here. There are no significant weaknesses. 

• The goals of ChemCatBio are very clear, as indicated on the quad chart on slide 25 as enabling 
ChemCatBio to achieve its mission through leadership and management. There is an easy opportunity to 
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apply some measurable and time-bound aspects to this goal. The project team also provided a mission 
and vision on slide 2 of accelerating catalyst and process development, which helps further clarify the 
purpose. The single POC management model keeps the quality of the messaging from the consortium 
consistent and clear. It also has risks associated with it being a single-point bottleneck if the director is 
unavailable for some reason. These risks were not discussed as much. The director serves as the de facto 
portfolio manager and has proven the ability to act on results and feedback by enacting several 
reorganization campaigns. The key end-of-project milestones and targets were provided on the quad 
chart—namely, the Catalyst Design Engine, CatCost, and deactivation and feedback corrective actions. 
The portfolio KPIs and/or metrics associated with this work were not provided. The communication plan 
for ChemCatBio is thorough and extensive. As indicated on slide 6, vertical communication with BETO 
takes place frequently. The steering committee meets regularly, engaging industry and academia 
stakeholders in both face-to-face meetings and other teleconferences. The roles are clearly defined with 
adequate manpower. Quarterly teleconferences are taking place with the IAB.  

In terms of the SOA for the DOE BETO consortia (e.g., Bioprocessing Separations Consortium, Agile 
BioFoundry, FCIC, and CCPC), ChemCatBio continues to be a stand-alone, unique effort, with a vision 
often found only in premier industrial catalyst manufacturing corporate organizations, especially with 
access to such advanced tools and professionals. The number of teams involved alone sets it apart, and 
the program continues to advance work that supports BETO and the technology area mission of 
developing and demonstrating transformative and revolutionary bioenergy technologies for a sustainable 
nation as well as the BETO goals to develop commercially viable bioenergy and bioproduct 
technologies. ChemCatBio has an opportunity to strengthen the support of the Conversion Technology 
Area objectives pertaining to integrated conversion technologies by showing how new catalyst materials 
are moved into other BETO scaled-up system integration efforts. ChemCatBio does an excellent job of 
supporting the EERE Strategic Plan goal of enabling a high-performing, results-driven culture through 
effective management. The BETO Strategic Analysis Goals to develop commercially viable bioenergy 
and bioproduct technologies to enable the sustainable, nationwide production of biofuels are supported 
well in the ChemCatBio initiative—as are the Strategic Analysis Goals to ensure high-quality, 
consistent, reproducible, peer-reviewed analyses; to develop and maintain analytical tools, models, 
methods, and data sets to advance the understanding of bioenergy and its related impacts; and to convey 
the results of analytical activities to a wide audience, including DOE management, U.S. Congress, the 
White House, industry, other researchers, other agencies, and the general public. ChemCatBio supports 
the Conversion R&D SMART Goal by 2021, completing the R&D necessary to set the stage for a 2022 
verification that produces both fuels and high-value chemicals to enable a biorefinery to achieve a 
positive return on investment. The project addresses several key barriers in Synthesis and Upgrading—
Ct-H. Efficient Catalytic Upgrading of Sugars/Aromatics, Gaseous and Bio-Oil Intermediates to Fuels 
and Chemicals, and Integration and Intensification Challenges—Ct-J. Process Integration (2) identifying 
impacts of inhibitors and fouling agents on catalytic and processing systems. In support of the Synthesis 
of Intermediates and Upgrading initiatives, ChemCatBio is supporting the upgrading of bio-oils and 
syngas within the Chemical Conversion to Intermediates and Products as well as strengthening the 
Enabling Tools within the Computational Modeling & Analytical Tools and Standards & Method 
Development efforts.  

Finally, ChemCatBio supports BETO’s push for novel technologies by pursuing research on innovative 
technologies that can broadly enable the conversion of feedstock to fuels and products such as the 
electrochemical CO2 work. The approach of rationally designing catalyst surfaces and validating the 
hypothesis with characterization tools is a plausible, accepted practice within microscale catalysis. The 
incorporation of tools that allow for larger multiscale analysis and validation is more innovative. The 
approach is based on sound premise that throughout human history tools have enabled and accelerated 
innovation. The development of the CatCost tool is one example in this project. Other key enabling tools 
(e.g., HTS, pilot-scale reactor banks with industry partners) contributing to the accelerator function in 
ChemCatBio should be further clarified and well defined along with the proper metrics. The project team 
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views data availability as a way of accelerating by getting key information to the fingertips of the end 
user. The other way is to leverage the existing catalyst library of materials. The CPD is another way to 
measure to the acceleration. ChemCatBio realizes that it can serve as a major public knowledge hub for 
BETO on all things related to bioenergy catalysis. Further, ChemCatBio has the management 
mechanisms in place to match industry needs with national lab resources. The academic community also 
serves a key role in helping to accelerate knowledge in catalysis through publication and student 
development. ChemCatBio has an opportunity to influence this process as well in terms of future 
workforce development. ChemCatBio has already licensed three technologies that involve fuel 
production and advanced catalyst synthesis, so the commercial potential of the project has already been 
realized. Further, the public tools have been widely utilized and accepted, and industry partners have 
provided solid testimonials. The commercial pathway to catalyst development and manufacturing has not 
been as clear, yet advancing the time for material development is the core of the program. There was 
some progress toward the project goal of enabling ChemCatBio to achieve its mission of accelerating the 
catalyst and process development cycle through leadership. There were interesting deactivation study 
results for ethanol upgrading and CFP catalysts. These results should immediately connect back to the 
acceleration and show the positive impact to the process development cycle. The public CatCost tool 
continues to excel in development functionality and features. The new property database tool has been 
made publicly available. Both of these efforts demonstrate ChemCatBio’s leadership in facilitating 
catalyst development as well as the IAB membership revamp. Most of the key end-of-project milestones 
have already been reached ahead of schedule or have significant work completed on them—namely, 
CatCost tool development, the CPD in support of the Catalyst Design Engine, engagement of 
Bioprocessing Separations Consortium on BDO upgrading via membrane work, acid upgrading to diesel 
with Co-Optima, and the CFP scale-up with the CCPC. The initial key project milestone timeline was 
not presented to establish the schedule savings metric and to give timing to share the website content on 
catalyst deactivation studies. 

• This is a well-structured program that solicits input from across the spectrum of stakeholders of the 
catalysis community. Active portfolio management is an important feature that helps the program remain 
relevant to current, shifting trends. A focus on products that cannot be provided by other types of tech—
e.g., solar or electrochemical—focuses the efforts where they can make the most difference in the near 
and long term. It is good to see that TEA is highlighted and is used to inform the targets for various 
processes. The technology licenses and patents are a positive, tangible measure of the success of the 
program. One missing aspect is longer life testing of catalysts, i.e., >1,000 hours. Although 100 hours is 
nice, many processes do not reach steady state until a much longer time. Also, different mechanisms of 
deactivation have different “run-in” periods before they make a significant (even measurable) impact. 

PI RESPONSE TO REVIEWER COMMENTS 
• We would like to express our appreciation to the reviewers for taking the time to participate in BETO’s 

2021 Peer Review and for their thoughtful analysis and constructive feedback on ChemCatBio. Building 
on our progress to date, we will use the reviewers’ feedback to guide our work in the coming years, 
especially in the areas of (1) defining KPIs/metrics for the consortium, (2) enabling the technology 
transition toward scale-up and integration within the BETO program, (3) developing and leveraging tools 
(e.g., artificial intelligence, high-throughput synthesis/testing, and durability testing rigs) that facilitate 
further acceleration of the catalyst and process development cycle, (4) supporting effective collaboration 
and communication mechanisms that enable every person within the consortium to have a voice and to 
be heard, and (5) expanding and extending catalyst durability tests to accurately identify deactivation 
mechanisms that may plague commercial operation. 
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ENABLING COMPLEX BIOMASS FEEDSTOCK FOR 
BIOPOWER COMBUSTION AND AUTOTHERMAL 
PYROLYSIS 
Oak Ridge National Laboratory, National Renewable Energy Laboratory, 
National Energy Technology Laboratory, and various industry partners 

PROJECT DESCRIPTION 
This project addresses the challenges of utilizing 
biomass and related waste feedstocks for the 
production of electricity (power) by utilizing a 
computational approach. The project team consists of 
ORNL, NREL, NETL, Iowa State University (ISU), 
and industry and municipality partners. The 
complexity and variability of feedstocks and the 
implications for gasification and combustion 
processes are captured with mesoscale particle models and in process-scale reactor models. The resulting 
models capture critical parameters to enable improved reactor design and optimal controls for more efficient 
and cost-effective biopower generation. The research also addresses the holistic energy system in the United 
States because (1) the model tool set is applicable to autothermal conversion processes for fuel production 
from biomass; and (2) the models enable the valuation of byproducts from biomass-to-fuel processes for 
electricity production, which has an overarching impact on the economics of both biomass-to-fuel and 
biomass-to-electricity renewable energy pathways.  

 

WBS: 5.1.2.102 

Presenter(s): Jim Parks; Tim Theiss; Zia 
Abdullah 

Project Start Date: 10/31/2018 

Planned Project End Date: 03/31/2021 

Total DOE Funding: $1,500,000 
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Photo courtesy of ORNL/NREL/NETL/various industry partners 

COMMENTS 
• This is a creative combination of combustion and partial oxidation to study key common features of the 

two processes. The biomass injection must generally keep the biomass <200°C to prevent premature 
pyrolysis from producing oils that clog the inlet. The biomass will need to heat from the inlet 
temperature to the reaction temperature. Does char oxidize faster than the biomass pyrolysis products 
(likely no)? The H2/CO ratio is already poor with pyrolysis; wouldn’t it be worse with O2? Would it 
make sense to allow the pyrolysis to produce char, collect it (with the catalyst, if present), and feed a 
portion of it (the rest can be sent to waste to remove the metals) with O2, but separate from the biomass, 
to get pure char oxidation? Then the heat can be used to drive the pyrolysis. On slide 21, showing where 
the entry of the biomass is varied, what is happening below the injection point? Where are the materials 
from the cyclone injected? 

• I thought this was a great project, with a lot of heavy lifting in reaction engineering and meso- and 
macroscale modeling to enable reactor design and process control. It is becoming rare to see this kind of 
work in the catalysis and reaction engineering community these days, but the impact on scale-up is 
undeniable considering that most industrial-scale reactors are at least partially controlled by heat and 
mass transfer and very likely deviate from ideal packed or fluidized bed models. This team showed very 
nice results from multiphysics simulations to model real reactor performance; this seems like a critical 
need for moving these technologies to larger scales. Overall, the results we saw focused on biopower 
with additional support for biomass to fuels, but the techniques are applicable anywhere.  

Management: The scope of the project is clearly outlined, and there are focus areas on biomass to 
electricity and biomass to fuels. The former is a collaboration on biomass combustion between 
CanmetENERGY and NETL, and the latter is a collaboration on autothermal pyrolysis in fluidized beds 
between NREL and ISU. Overall, the project is well managed.  

Approach: The team uses a multiscale approach including atomistic simulations for intrinsic catalyst 
properties; mesoscale finite element method simulations of transport phenomena; and full-scale reactor 
simulations using multiphysics packages (CFD).  
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Impact: A key impact of this project is that these thermal and thermochemical conversion processes are 
too complex to adequately treat with simple reactor models. It is unlikely they adhere to ideal flow 
patterns, and they are almost certainly constrained by rates of heat and mass transfer. The best way to 
anticipate their performance is with multiphysics simulations, so it is nice to see that the team is making 
them sufficiently tractable to put into routine practice and build insight about these systems.  

Progress and outcomes: Work in the biomass-to-electricity project has revealed optimal particle sizes for 
fluidized bed combustors. Impressively, the team can access online data from a working 50-kW 
combustor, which shows good agreement with full-scale models and serves as an important validation of 
the methodology. The work in autothermal pyrolysis is well motivated, and the particle-scale models 
developed by the team highlight the significant impacts of temperature and composition gradients in 
solid particles undergoing pyrolysis. Analogous to the comment regarding combustion, the team has 
experimental validation of pyrolyzer models through its collaboration with ISU, and one observes good 
agreement between the models and experiments. Having these multiscale insights into reactor 
performance is incredibly powerful, and I see this as an important step in de-risking technologies as they 
move from the laboratory to pilot and demonstration scales. 

• Team collaboration for the two project areas appears smooth and without issues. The modeling approach 
is sound. There is a clear impact on the two programs: power and fuel. The modeling team, as always, is 
doing an outstanding job to assist programs, and there is no exception for these projects. The team 
demonstrated the true power of modeling in this program to have future impact. 

• The key goal of the biopower project is presented on the quad chart (slide 24) to develop models to 
improve reactor design and control. The measurement for this goal was not explicitly mentioned, and it 
is assumed to be metrics such as standard error of prediction or correlation and validation agreement 
criteria. The multiscale project is wrapping up this year and centers around the CFD modeling of the 
CanmetENERGY fluidized 50-kWt combustor and the AT-Py unit at ISU. There was not much 
information available concerning the management plan. No information was provided specifically on the 
communication plan. The project partners are an impressive industrial-national lab group all focused on 
operating real equipment at scale. The multiscale CFD approach presented here to model two 
independent units before a process integration design campaign is the proper technique and should 
definitely result in advancing the SOA of reactor modeling for both biocombustors and AT-Py units at a 
large scale. This information is just not readily available or even accessible for process development 
teams working at large scales. The type of commercial partners involved in this project should advance 
work that supports BETO and the technology area mission of developing and demonstrating 
transformative and revolutionary bioenergy technologies for a sustainable nation as well as the BETO 
goals to develop commercially viable bioenergy and bioproduct technologies. In the future, this work can 
easily pivot to CFP systems, which will advance and support the Biochemical Conversion Program 
objectives pertaining to integrated conversion technologies by showing how new catalyst materials are 
moved into other BETO scaled-up system integration efforts. The project will advance the Strategic 
Analysis Goals to ensure high-quality, consistent, reproducible, peer-reviewed analyses; to develop and 
maintain analytical tools, models, methods, and data sets to advance the understanding of bioenergy and 
its related impacts; and to convey the results of analytical activities to a wide audience, including DOE 
management, U.S. Congress, the White House, industry, other researchers, other agencies, and the 
general public. The project supports and advances the Conversion R&D SMART Goal by 2021, 
completing the R&D necessary to set the stage for a 2022 verification that produces both fuels and high- 
value chemicals to enable a biorefinery to achieve a positive return on investment. In support of the 
Synthesis of Intermediates and Upgrading initiatives, this work is strengthening the Enabling Tools 
within the Computational Modeling & Analytical Tools as well as the Standards & Method Development 
efforts. Of course, the approach of using CFD and FEA modeling to make front-end design decisions is 
not considered new or innovative. It is necessary for high-quality process design engineering, and this 
work will lead to innovative configurations/operation schemes when the integration takes place in the 
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future. The incorporation of the mesoscale model brings even more innovation to this work. The team 
understands how this work can directly impact the two 50-ton/day demonstration AT-Py plants being 
commissioned this year and next year. If the data from all of the pilot-scale work are reexamined and 
modeled along with data from these demonstration facilities, this will resonate in a huge way across the 
bioenergy community. The project comprises industry partners that can use this modeling information 
immediately for their projects. The team provided a clear understanding of degradation and oxidation 
chemical dynamics within the various riser zones, creating a particle-based char oxidation model 
showing the impact of geometry and intra-particle char formation profiles. The team showed a validated 
3D model for lab-scale AT-Py experiments. The pilot-scale model of the ISU unit was developed using 
the DOE MFiX code showing the impact of the equivalence ratio of char oxidation in the riser and bio-
oil yield. These were all good modeling efforts toward the overall project goals. Key end-of-project 
milestones have been reached on time—namely, the particle-scale model looking at air-to-fuel ratio 
effects, CFD models of fluidized combustors, and validated lab-scale models. The nitrogen oxide (NOx) 
work and full-scale model validation work are the only outstanding milestones, which seems quite 
achievable for this team within the project time frame. 

• This project is another example showing how computation can contribute to the development of 
bioenergy processes. The research enables the visualization and quantification of spatial locations of 
pyrolysis, volatile oxidation, and char oxidation processes for biomass to electrons. It also helps to 
capture char oxidation effects at both the particle and reactor scales, thereby enabling the capture of 
feedstock effects on autothermal biomass-to-fuel processes. Such information would be very hard to 
catch in the experiment. The team collaborates closely with their experimental colleagues, enabling a 
tight connection between computation and experiment. It would be beneficial if the team can leverage 
the ability of computation to explore more operating conditions for the process. 

PI RESPONSE TO REVIEWER COMMENTS 
• The CCPC and ISU thank the reviewers for the feedback on our computational science R&D supporting 

biopower and autothermal pyrolysis. We are pleased to see that the majority of the feedback comments 
were positive in nature, and we also appreciate the outstanding comments citing the impact of the R&D. 
Regarding the comment on the metrics for model accuracy, we are comparing the model results to 
experimental validation data sets, and in the forthcoming publications from the project, we will provide 
quantitative comparisons between the model and experimental results.  

Regarding the comment “The team understands how this work can directly impact the two 50-ton/day 
demonstration AT-Py plants being commissioned this year and next year. If the data from all of the pilot-
scale work are reexamined and modeled along with data from these demonstration facilities, this will 
resonate in a huge way across the bioenergy community,” we agree, and we intend to seek opportunities 
to pursue this next-step opportunity, which can greatly benefit the bioenergy community. 
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INTRODUCTION 
The Carbon Dioxide (CO2) Utilization Technology Area is one of 12 technology areas that were reviewed 
during the 2021 Bioenergy Technologies Office (BETO) Project Peer Review, which took place virtually 
March 8–12, March 15–16, and March 22–26, 2021. A total of 12 presentations were reviewed in the CO2 
Utilization session by five external experts from industry, academia, and other government agencies. For 
information about the structure, strategy, and implementation of the technology area and its relation to BETO’s 
overall mission, please refer to the corresponding program and technology area overview presentation slide 
decks (https://www.energy.gov/eere/bioenergy/2021-project-peer-review-co2-utilization). 

This review addressed a total U.S. Department of Energy (DOE) investment value of approximately 
$13,253,412, which represents approximately 2% of the BETO portfolio reviewed during the 2021 Peer 
Review. During the Project Peer Review meeting, the presenter for each project was given 30 minutes to 
deliver a presentation and respond to questions from the Review Panel.  

Projects were evaluated and scored for their project management, approach, impact, and progress and 
outcomes. This section of the report contains the Review Panel Summary Report, the Technology Area 
Programmatic Response, and the full results of the Project Peer Review, including scoring information for 
each project, comments from each reviewer, and the response provided by the project team.  

BETO designated Ian Rowe as the CO2 Utilization Technology Area review lead, with contractor support from 
Seth Menter (BCS, LLC). In this capacity, Ian Rowe was responsible for all aspects of review planning and 
implementation. 

 

 

CO2 UTILIZATION REVIEW PANEL 
Name Affiliation 
Phil De Luna* National Research Council of Canada  
Charles McCrory University of Michigan 
Alissa Park Columbia University 
Matthew Kanan Stanford University 
Shawn Jones Arkion Life Sciences 

* Lead Reviewer 
 

  

https://www.energy.gov/eere/bioenergy/2021-project-peer-review-co2-utilization
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CO2 UTILIZATION REVIEW PANEL SUMMARY REPORT  
Prepared by the CO2 Review Panel 

INTRODUCTION 
The CO2 Utilization program was established by BETO in Fiscal Year 2017 to explore the opportunities and 
potential for converting waste CO2 into fuels and chemical feedstocks using a combination of biological and 
artificial pathways—including electrocatalytic, thermocatalytic, biocatalytic, and hybrid combination 
approaches—powered by renewable energy. BETO’s recent Rewiring the Carbon Economy: Engineered 
Carbon Reduction Report (https://doi.org/10.2172/1419624), serves as the foundation and guideline of this 
program, and the Review Panel agrees with the evaluation that “the CO2 reduction and utilization technologies 
discussed have significant potential to impact carbon management and provide economic, environmental, and 
electric grid stability benefits.” For context, CO2 reduction and utilization technologies have experienced 
intense interest both in the United States and internationally, driven by market demands for reducing emissions 
as well as policies such as the Section 45Q tax credit. The Review Panel agrees that the CO2 Utilization 
program is timely and important given the strategic importance and emerging field of carbon capture, 
utilization, and storage (CCUS).  

The Review Panel reviewed 12 projects in total: 9 were national laboratory projects, and 3 were external 
projects with industry or academia. The panelists conducted extensive question-and-answer sessions and 
discussions with the principal investigators (PIs), BETO program managers, and other participants. Overall, 
the panelists were very impressed with the organization of the program and the progress of the projects, 
especially given the disruptions during the last year due to the COVID-19 pandemic. The portfolio of projects 
was diverse and ranged from low to high technology readiness levels (TRLs) across a broad range of 
approaches. Although the Review Panel is impressed with the outcomes of the program so far and the initial 
learnings from the first phase, the Review Panel recommends that the program take a more focused approach 
going forward and build an integrated portfolio of projects that advance the most promising technologies to 
commercialization. In this report, the Review Panel provides summarized review comments and 
recommendations on program development. 

STRATEGY 
Impact 
The topic of CO2 conversion has garnered much attention, spurred by recent announcements of governments 
and industries pledging net-zero CO2 emissions targets by 2050. Many technology companies—such as 
Microsoft, Shopify, and Stripe—have committed to supporting technologies that capture and convert CO2. 
Challenge-style competitions, such as the $20 MM Carbon XPRIZE, have similarly galvanized the innovator, 
researcher, and entrepreneur communities around CO2 capture and conversion. Despite all this added attention 
and excitement, large-scale commercial successes of CO2 conversion technology are still nascent, and some of 
the most promising technologies remain at a low to mid TRL. The BETO CO2 Utilization program is perfectly 
placed in both timing and scope to help de-risk critical new disruptive technologies that have a clear market 
demand.  

The entire portfolio of projects was well aligned with BETO’s stated objectives, especially around rewiring the 
carbon economy. Most teams in this program were from the National Renewable Energy Laboratory (NREL), 
with only one team from Oak Ridge National Laboratory (ORNL). Three external teams included projects with 
leads from Montana State University (MSU), LanzaTech, and Johns Hopkins University. Aside from one 
project that covered broader techno-economic analysis (TEA) and life cycle assessment (LCA), most projects 
fell into three categories: electro- and/or thermocatalytic CO2 conversion, biocatalytic pathways focused on 
one-carbon (C1) intermediate feedstocks, and integration of electro/biocatalytic reactors.  

https://doi.org/10.2172/1419624
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The first project presented on TEA performed by NREL and set the stage for clear strategic direction. The 
Review Panel felt this was an excellent project, with the goal to guide existing and future research and 
development (R&D) with a deliverable of roadmaps for strategic R&D and a comprehensive design report. 
Particularly impressive was the level of collaboration with other major actors in the space, including the Global 
CO2 Initiative and Argonne National Laboratory, which shows that this project will have far-reaching impact 
beyond BETO. The project has produced a few high-impact publications and a plan to make results publicly 
available. The team delivered on recommendations from the 2019 Peer Review by including more sensitivity 
analysis and benchmarking evaluation metrics, especially for CO2 electrocatalysis technologies. Going 
forward, the Review Panel suggests that the team start providing more in-depth case studies with process 
simulation and detailed TEA and LCA for the most promising technologies. Although the foundational work 
done by the team is very helpful in setting baselines and context, it would be helpful to see concrete examples 
of technologies with process units that are as accurate as possible.  

The projects on electrocatalytic conversion of CO2 focused primarily on electrocatalyst development and 
benchmarking with an emphasis on materials design. The first project, from NREL, focused on diagnostics and 
standard operating procedure development to consistently test new CO2 electrocatalysts with a goal of enabling 
long-term and stable operation of low-temperature CO2 electrolyzers. The main focus was on the 
electrosynthesis of CO for use in syngas, and the team presented progress on diagnostic electrochemical 
measurements, kinetics, and understanding ion exchange membrane influence on the stability of the reaction. 
The Review Panel felt that this was a needed baselining project that would be impactful to the community. The 
Review Panel was particularly interested in the team’s approach to approximate lifetime through accelerated 
testing via higher constant currents or faster cycling. Ultimately, the Review Panel felt that any accelerated 
testing needs to be validated on experiments that run on the scale of thousands of hours. The second project, 
from ORNL, focused on the development of carbon nanospike (CNS) catalysts for two-carbon-plus (C2+) 
production from CO2. Unfortunately, this particular project was heavily impacted by COVID, the lead scientist 
moved to another national laboratory, and the project is struggling to find the expertise and personnel to 
continue. Although the initial results were promising, the Review Panel felt that the current densities provided 
in the project were quite low and that the stability of the reaction provided was also low. This was a lower TRL 
materials-based project that did not fit well with BETO’s objective of rapidly advancing the technology to 
commercialization. The Review Panel recommends that this project be sunset.  

The projects on biocatalytic pathways were diverse and included upgrading of formate using Cupriavidus 
necator, enhancing acetogens to utilize liquid (formate) or gaseous (e.g., carbon monoxide, CO) feedstocks, 
and engineering new metabolic pathways to utilize Escherichia coli for formate conversion. The Review Panel 
found all biocatalytic projects impressive but felt that some projects were significantly lower in TRL than 
others, which made it difficult to compare them. For instance, the project that was utilizing clustered regularly 
interspaced short palindromic repeats (CRISPR)-associated (Cas) 9 tools to modify E. coli for formate 
utilization was impressive from the perspective of fundamental science because the team was able to engineer 
glycolate production when the wild-type pathway is not capable of doing so; however, the performance and 
selectivity of 15% was relatively low and therefore unlikely to be scaled. Although impressive, the Review 
Panel felt that much work needs to be done before it can be practical. In contrast, the work on acetogens for 
both gas fermentation of CO and liquid utilization of formate showed relatively high carbon efficiencies and 
success in the team’s planned performance. Unexpected synergistic effects were also discovered when mixing 
different feedstocks, which is interesting and impactful. The project focused on using C. necator was also 
impressive because the team was able to engineer strains that showed production of a high-performance 
material (2-hydroxymuconate semialdehyde, 2HMS) whereas evolved isolates showed no improvement against 
wild type. Also, a project focused on utilizing cell-free enzymatic systems for CO2 capture showed a 20% 
energy reduction compared to standard capture solution systems; however, the activity gains degrade rapidly, 
and only 40% activity is retained after 5 hours. Although this is an interesting proof of concept, the Review 
Panel thought that the project focused on CO2 capture (rather than conversion) did not fit within the scope of 
the CO2 Utilization program. The Review Panel thought that all of these projects were scientifically impressive 
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but questioned which approach would be most scalable. Going forward, the Review Panel suggests that the 
program more clearly define performance targets in terms of product amount, rate, and efficiency so that the 
projects that have potential to scale are better supported.  

The last group of projects focused on the integration of both electrocatalytic and biocatalytic processes 
whereby CO2 would be converted to either CO or formate electrocatalytically and then fed into a bioreactor to 
then be upgraded to either alcohols or other chemical feedstocks. Of these projects, one was led by NREL, and 
the other three were led by external partners. All projects showed progress in scaling up the electrocatalytic 
and biocatalytic reactors; however, the Review Panel felt that integration and the gains from rate matching 
electrocatalytic/biocatalytic processes were not clear. Electrocatalytic processes operate at higher reaction rates 
than biocatalytic processes, which makes the transfer of electrocatalytic products to a biocatalytic reactor 
suboptimal without some form of intermediate chemical storage. The Review Panel asked the fundamental 
question: Is it better to scale up the electrocatalytic and biocatalytic processes separately and then connect 
them through product transfer, or are there significant optimization gains to be made by integrating the two 
immediately before scale-up? Although projects showed promise in terms of scale-up and testing of product 
recyclability, it was not clear what the overall benefit was to fully integrate these two processes.  

Innovation 
The CO2 Utilization program, being relatively new, showed quite impressive research output despite delays 
from COVID. The Review Panel thought that the majority of the projects presented innovative and novel ideas 
or addressed much-needed gaps in the science and technology communities. The TEA and baselining projects 
to both set realistic targets and provide consistent operating procedures for electrocatalyst comparisons were 
particularly useful and innovative in the field. This builds on NREL’s reputation as setting technology targets, 
standards, and baselines in emerging clean technologies, such as hydrogen and solar cells. The projects 
regarding electrocatalysis were also promising, but the field has matured to show that the major gaps in 
technology adoption are within the system, including membranes and electrolyte engineering. The most 
scientifically impactful work from the perspective of fundamental research was the research done on 
biocatalysis, particularly on utilizing CRISPR-Cas9 tools to engineer new pathways and change strains’ 
catalytic performance. The integration projects were also quite innovative because they are some of the first 
projects to take this biocatalytic/electrocatalytic integrated approach. The scale-up and demonstration of some 
of these projects that showed decent stability over long timelines were also very impressive. 

STRATEGY IMPLEMENTATION AND PROGRESS 
Synergies 
The Review Panel felt that although some synergies in the program existed, especially on the scale-up and 
integration projects, the level of coherence between the electrocatalytic and biocatalytic teams was lacking. 
The program is ambitious, looking to bring together materials scientists, microbiologists, chemical engineers, 
and biochemists; however, the Review Panel felt that projects were quite independent, and they remain siloed 
based on experience and topical area. The only crosscutting area that each project worked hard to incorporate 
was TEA. Although useful in some cases, especially for generating ballpark estimates, the Review Panel found 
that many projects were simply too early in terms of their TRL to provide accurate TEA. Despite this, there 
remains much opportunity for further synergies among the electrocatalytic, biocatalytic, and systems 
integration teams.  

The Review Panel also noted that there were quite a few new startup companies in recent years that have made 
progress, especially regarding electrochemical CO2 conversion. The Review Panel suggested increasing the 
number of funding opportunity announcements (FOAs) to allow for more external collaboration with both 
startups and academics in the space. There also exists an opportunity to collaborate internationally with other 
national laboratories that have strong CCUS research expertise, such as in Canada and Norway.  
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Focus 
The overall strategy of the CO2 Utilization Technology Area is to enable the development of technology that 
combines electrochemical CO2 conversion to intermediate feedstocks that then undergo biological upgrading 
to value-added fuels and commodity chemicals. This technology area fits well within the broader BETO 
funding portfolio, and it is unique compared to other DOE programs and technology areas. Moreover, this 
strategy is well considered for eventual practical and scalable CO2 conversion.  
 
To achieve this overall strategy, the CO2 Utilization Technology Area funds projects in three broad topic areas: 
(1) the nonbiological electrochemical reduction of CO2 to C1 intermediates, (2) the biological upgrading of 
CO2-derived intermediates to valuable products, and (3) developing TEA to inform research goals, product 
targets, and scale-up. These three funding areas are appropriate for the desired goals, and the technology area 
appropriately funds a diverse group of projects in each of these three funding areas.  
 
Regarding the first funding area, electrochemical CO2 reduction is a comparatively mature field of research; 
however, the overall goal of coupling an electrochemical process to a downstream biological upgrading 
process leads to technological challenges unique to the CO2 Utilization Technology Area. It is recommended 
to focus the efforts of the electrochemical CO2 reduction work to (1) scaling electrolyzers for the necessary 
output rate and product concentration for biological upgrading; (2) managing contaminants from likely input 
CO2 streams, both in terms of improving electrolyzer durability and measuring the propagation of 
contaminants into output streams; and (3) developing technologies to integrate the electrolyzer output streams 
with biological systems.  
 
Regarding the second funding area, this is an important strategic component of the technology area. Given the 
required fundamental science still needed in this area, it may be beneficial to refocus efforts in this area first on 
meeting reasonable performance metrics and deemphasize TEA. TEA is likely not useful for such systems 
until they can convert C1 inputs into the desired products at fast production rates and high titer. 
 
The third funding area is crucial to the success of the program because it can help distinguish between the 
viability of emerging technologies and provide necessary performance metrics for economic viability. This 
area might be expanded to include efforts on developing standard diagnostic tools and operating procedures for 
the funded projects as informed by the needs for integration and through conversations with external 
stakeholders.  
 
The funded projects are mostly tied to the strategic direction of the technology area, and most are on the 
cutting edge of the work in their fields. The implementation of these projects could be improved by improving 
communication among the projects. For instance, communication between the electrochemical conversion and 
bioconversion projects regarding the composition and concentration of the electrolyzer output streams and 
necessary bioreactor inputs may help better define performance targets and facilitate future integration of these 
technologies. In addition, each project should be strongly encouraged to communicate with the projects 
focused on feasibility assessment. 

RECOMMENDATIONS 
Recommendation 1: The Review Panel recommends that the program begin to focus on 
specific technology pathways and support the scale-up of the most promising technologies.  
The program can do this by using the outcomes of this phase to determine which technologies have the greatest 
chance for success. It is recommended that projects be supported that have a realistic chance of scaling up 
either with higher current density or more industry-based reactors. For example, many proof-of-concept 
projects utilize continuous stirred-tank reactors (CSTRs), which are appropriate for this conceptual project but 
will not work at scale. The program needs to push researchers to think about how their processes will work at 
scale. Specifically, there needs to be more work on bioreactor design and/or operating conditions to achieve 
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high gas utilization and end-product productivity. One possible FOA could be supporting projects that have 
achieved a proof of concept in a CSTR and then supporting scaling them in an industrially relevant reactor 
design to a pilot stage. 

Recommendation 2: The Review Panel recommends that the program support a holistic 
and integrated scale-up approach that more fully combines the electrocatalytic and 
biocatalytic processes.  
The implementation of these projects could be improved by requiring communication among the projects. For 
instance, the bioconversion projects should communicate their needs for input streams (rate, purity, 
concentration) to the electrochemical CO2 conversion projects to inform their production targets. Likewise, the 
electrochemical CO2 conversion projects should inform the bioconversion projects concerning the likely 
makeup of their product outputs, including contaminants and electrolytes (for aqueous products such as 
methanol or formate). Finally, all projects should be communicating with those focused on feasibility 
assessment to help inform their target products and conversion metrics.  

Recommendation 3: The Review Panel recommends that the program support a greater 
number of competitive FOAs to balance the number of internal and external projects.  
The Review Panel understands that the program has already been doing this, but the most recently awarded 
FOA projects were just approved and did not have anything to present. This is particularly important because 
there are an increasingly greater number of startup companies and academic universities that have been 
showing significant progress on the scale-up of both electrocatalytic and biocatalytic processes. 

 

 

CO2 UTILIZATION PROGRAMMATIC RESPONSE 
INTRODUCTION 
The Conversion R&D Program Area would like to extend our gratitude to the CO2 Utilization Panel for their 
attentive participation and helpful discussion related to this emerging research area within BETO. Such input 
from experts in the field has been essential to developing this portfolio, and it would have never gotten to 
where it is now without such help. As the above summary points out, the Review Panel found the organization 
of this new program and the variety of projects within it to be commendable and aligned with BETO goals. 
The technology balance between biological and catalytic options was seen as well appropriate. Specifically, 
the Review Panel found that the TEA associated with the feasibility study to be especially important for the 
strategic development of this program specifically as well as to the broad field of CO2 utilization.  

The reviewers pointed out the synergistic opportunity for combining researchers who work on catalyst 
development with their counterparts who are engaged in process engineering and biological strain 
development. Such interdisciplinary collaboration was seen as key to developing robust conversion systems. 
Similarly, additional collaboration between those at the national laboratories and their university and industry 
counterparts could be leveraged to overcome major barriers in CO2 utilization.  

The Review Panel pointed toward opportunities in funding projects that integrate hybrid approaches to realize 
practical CO2 conversion. This can allow catalysis researchers to specify their output stream for the proper 
engineering of the relevant bioreactors; however, reviewers stressed that direct integration of these 
technologies is less important at this stage than ensuring that each can achieve meaningful rates and scale. 
Other opportunities in addressing mass-transfer limitations, separations, and system integration were 
mentioned as items BETO should consider. The following section specifically addresses the three major 
recommendations from the Review Panel. 
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Recommendation 1: The program should begin focusing on specific technology pathways 
and support the scale-up of the most promising technologies. 
The program agrees with the Review Panel on the importance of narrowing the scope of activities to be as 
effective as possible with the funding dedicated to CO2 utilization. The portfolio has spent the last few years 
exploring a variety of different activities related to CO2 conversion that cover many different aspects of CCUS. 
Moving forward, the program seeks to narrow its efforts to projects that focus on the core BETO strategy of 
simultaneously developing CO2 reduction technologies and intermediate upgrading approaches while 
conducting the proper analyses needed to understand the important economic and sustainability issues in the 
field. 

Recommendation 2: The program should support a holistic and integrated scale-up 
approach that more fully combines electrocatalytic and biocatalytic processes and 
communicates with feasibility assessment efforts. 
The program agrees with the importance of ensuring that the efforts in this portfolio operate in a synergistic 
manner, given the importance of each effort in the BETO strategy. Given that both CO2 reduction and the 
subsequent intermediate upgrading are closely linked, it is essential that each half speaks to the other regarding 
things such as rates, titers, and impurities; this helps avoid pitfalls while highlighting certain unexpected 
synergies that arise as each technology advances. Moving forward, BETO will ensure that projects that focus 
on complementary CO2 reduction and intermediate upgrading strategies are actively communicating with one 
another. This will be established in the upcoming suite of projects. 

Recommendation 3: The program should seek to balance the number of internal and 
external projects. 
BETO agrees with this assessment and is actively attempting to balance the portfolio. As mentioned by the 
reviewers, several recently awarded projects did not get a chance to share their research because they have just 
begun and are not yet ready to present. From a numeric standpoint, BETO has more projects funded at the 
laboratories; however, they are smaller in scale, and their overall dedicated funding is significantly less than 
those awarded via competitive FOAs. BETO recently expanded its support of CO2 utilization in competitively 
funded work by allowing it as a feedstock in several different topic areas in the FY 2021 FOA for the first 
time. This increase in external efforts will be matched by new national laboratory projects. 
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FEASIBILITY STUDY OF UTILIZING ELECTRICITY TO PRODUCE 
INTERMEDIATES FROM CO2 AND BIOMASS  
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
Capturing and converting CO2 generated from 
bioethanol facilities into valuable products, 
leveraging renewable electricity as the primary 
energy input, could increase overall biorefinery 
carbon utilization by as much as 40% and provide a 
means to decarbonize fuels and chemicals 
production; however, significant uncertainty exists 
around the costs, carbon intensity, risks, and technical 
challenges associated with electron-driven CO2 
reduction. Thus, the overarching objective of this project is to guide existing and future R&D efforts by 
addressing these knowledge gaps for utilizing renewable electricity and CO2 to improve biorefinery economics 
and carbon utilization. By September 2023, this project will develop and publish a comprehensive design 
report for the integration of CO2 utilization into two existing conceptual biorefinery designs, which will 
include conceptual process models, pioneer and nth-plant economics, identification and quantification of 
technological risks, and projections for future cost reductions.  

 

 

WBS: 2.1.0.304 

Presenter(s): Adam Bratis; Josh 
Schaidle; Zia Abdullah; 
Courtney Payne; Jessica 
Krupa 

Project Start Date: 10/01/2020 

Planned Project End Date: 09/30/2023 

Total DOE Funding: $800,000 
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COMMENTS 
• This is a very good project. It is well delivered, and the impact in the field is high. This BETO 

demonstration project is possible, but it requires a much higher monetary investment. The Review Panel 
was particularly impressed with the partnership element regarding the Global CO2 Initiative and 
Argonne National Laboratory 

• The goal of this project is to assess the feasibility of current and emerging CO2 reduction technologies. 
The project couples TEA feasibility, and it has an overall approach that focuses on high-level 
crosscutting evaluations of CO2 reduction technologies followed by deep dives into specific pathways. A 
particular strength of the project approach and impact is the partnership with scientific stakeholders to 
ensure that the team’s evaluations are relevant to emerging technologies. The performers have made 
significant progress, and the focus on providing actionable information to the CO2 research community 
makes this an important and impactful project. 

• The project is well conceived and effectively managed. The analyses have zeroed in on the critical 
factors for achieving the overall goal of guiding R&D.  

Strengths: The project team has made a comprehensive effort to access the relevant information from 
disparate sources and apply rigorous analysis to achieve their goals. The work has provided a clear 
approach to understanding the effects of many interrelated parameters on the overall cost and carbon 
intensity of the technical options the team have selected. Consistent progress toward the project goals has 
been achieved throughout the effort.  

Weakness: It would help to have a more direct comparison between the current state of the art for CO2 
production and the metrics needed for economic/carbon intensity viability—in simple terms, what are the 
target current density, voltage, cost per m2, and durability, and how far off are the best available 
systems? There is uncertainty here, and maybe multiple options are needed, but distilling it to the terms 
the community is most familiar with would be beneficial. 
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• The team looks to have a good management structure and is well connected with the larger community. 
Results are already being shared through publications and reports to BETO. The team’s approach of first 
taking a broad overview of the different CO2 conversion technologies (completed in the first three-year 
cycle), followed by narrowing the scope to focus on two conversion technologies is sound and makes 
sense. From the presentation, it was not clear what criteria will be used to narrow the scope of the design 
report to two conversion technologies, and a clear justification will be needed. The well-researched, 
broad overview of the CO2 conversion technologies can aid the CO2 Utilization program, as will the 
design report when completed. These can serve as guides to future research programs. Although 
narrowing the focus to two technologies makes sense, the team risks lessening the impact of their design 
work if neither of the two chosen technologies proves feasible or if a new breakthrough in one of the 
unchosen technologies makes it more feasible. This is a minor risk and one worth taking. The project 
met the first three-year cycle goal and looks to be on schedule to meet the new project goal. 

• This project is important in terms of developing a strategic R&D plan for highly integrated CO2 
utilization processes. The team has made significant progress during the last year, and the data presented 
were quite insightful. Although the findings were interesting, the current approach is limited to 
biorefinery cases, and this project can have greater impacts if it considers a wider range of CO2 
feedstocks. Further discussions on the scales of reactor systems (e.g., modular versus large scale) as well 
as capacity factors would be useful for different processes that are currently being developed. 

PI RESPONSE TO REVIEWER COMMENTS 
• We would like to express our appreciation to the reviewers for taking the time to participate in BETO’s 

2021 Peer Review and for their thoughtful analysis and constructive feedback on this project. Building 
on our progress to date, we will use the reviewers’ feedback to guide our work in the coming years, 
especially in the areas of (1) considering a wider range of CO2 feedstocks, (2) evaluating the impact of 
process scale and deployment configuration (e.g., modular versus centralized), (3) defining technical 
targets for existing technologies that would improve their commercial viability and communicating this 
information to the community, (4) balancing our focus on specific technology pathways with the 
flexibility to adjust as new breakthroughs happen, and (5) maintaining and enhancing our focus on 
providing actionable information to the CO2 utilization community. 
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ELECTROCATALYTIC CO2 UTILIZATION 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
Existing biomass-conversion processes, such as 
fermentation to produce ethanol, produce very pure 
industrial sources of CO2. In fact, domestic ethanol 
biorefineries are the largest single-sector supplier of 
CO2 to the merchant gas markets. This provides a 
unique opportunity for the bioenergy industry: to 
reduce the cost (minimum fuel selling price) of the 
primary product (ethanol) by valorization of this large 
CO2 waste stream. In this project, we are focused on studying different types of membrane electrode 
assemblies (MEAs) for low-temperature CO2 electrolyzers. Specifically, MEAs using both proton exchange 
membrane (PEM) and anion exchange membranes (AEMs) are in scope. Although there has been significant 
recent interest in this field, challenges remain for both types of MEAs before this process can be performed 
industrially. The goal of this project is ultimately to enable long-term and stable operation at high current 
densities for low-temperature CO2 electrolysis. During the past two years, we have developed a diagnostic test 
for membrane integrity in the assembled MEA, tested a new AEM material, and quantified hydrogen evolution 
kinetics in PEM MEAs. Moving forward, we plan to focus on the degradation of both catalysts and catalyst 
supports as well as the development of standardized methods for testing and product quantification. By 
addressing the persistent issues facing these technologies, we aim to enable to the economic electrochemical 
conversion of CO2. 

 

 

WBS: 2.3.1.316 

Presenter(s): Adam Bratis; Jack Ferrell; 
Zia Abdullah 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $600,000 
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COMMENTS 
• The progress with respect to diagnostics has been impressive. It was useful to show the membrane being 

developed from other National Energy Technology Laboratory scientists and in-house intellectual 
property generation. The team has yet to do long-term tests beyond several weeks; currently, they do it at 
weeks, up to a month. Also, accelerated tests would be higher constant currents or higher cycling, but 
these may not be the most indicative of industrial conditions. 

• It is not clear how this project is directly related to BETO’s goals. The project does not need to work on 
the biologic systems or biocatalysts, but making connections to other BETO efforts would be important. 
The progress made in the in situ study of membrane integrity and Electrochemical Impedance 
Spectroscopy (EIS) provided valuable insights into CO2 conversion and the durability of AEMs. It is not 
clear whether this project belongs to the BETO program. 

• The goal of this project is to develop standardized testing protocols for electrochemical CO2 conversion, 
with a specific focus on scalable MEA architectures. This project has significant potential to help define 
performance metrics, identify technical barriers to MEA scaling and implementation, and develop best 
practices for assessing MEA durability and degradation. All are crucial for practical electrolyzer 
development. The performers have established an interdisciplinary team with crosscutting expertise that 
fully leverages the capabilities and knowledge base of the Chemical Catalysis for Bioenergy Consortium 
(ChemCatBio). The performers have benchmarked the performance of some existing MEA designs to 
establish baseline performance metrics, and they have identified membrane durability and crossover as 
major technical challenges. The membrane integrity diagnostic developed by the performers is a very 
promising rapid screen that has significant potential to aid in membrane durability testing, but the current 
version of the diagnostic requires a specific MEA design. The impact of the project would be 
strengthened if this diagnostic could be modified such that it has less sensitivity to MEA design 
parameters. Moreover, the performers correctly identified accelerated durability testing as a crucial need 
in evaluating CO2 MEA performance, and the project would be strengthened by the inclusion of a 
specific plan to move toward accelerated durability testing. 

• The management plan looks strong, and the team is well connected within the ChemCatBio group to 
leverage expertise. The team has decided to focus on two different electrochemical catalysts and has a 
good team to further develop them. Although the development of these new catalysts and materials is 
important, there is not a clear pathway to implement them commercially, in particular to test the catalysts 
using a real-world feedstock. The new diagnostic tool could have significant impact to the industry, but 
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again, it is not clear how broadly applicable this tool is or its need in the industry. The team seems on 
track to meet the go/no-go decision for the project. Future milestones need more specific criteria to 
measure the project’s progress. 

• This project is designed to investigate the technical feasibility of CO2 electrolysis in MEAs by (1) 
assessing the durability of currently available AEMs; (2) developing methods to evaluate AEMs and 
detect defects that compromise performance; and (3) comparing cation exchange membrane and AEM 
MEA cells to determine which is the best design for durability and performance.  

Strengths: The development of systematic testing protocols to evaluate AEMs under CO2 electrolysis 
conditions is a worthy goal because it could bring clarity to a question that is a source of uncertainty in 
modeling and analysis. Standardized testing could help advance the technology, much like analogous 
testing at NREL has advanced photovoltaic technology. The emphasis on cells larger than 1 cm2 is a 
welcome advance over the vast majority of studies in the field. The EIS methodology is interesting and 
could be useful for rapidly investigating membrane integrity and/or predicting durability.  

Weaknesses: The technical objectives of the project are modest relative to the reported state of the art in 
the field. Published results from Dioxide Materials in 2018 showed >3,000 of stable operation at 200 
mA/cm2 and 3 V for CO2 to CO electrolysis with sustainion. The go/no-go target for this project defines 
“long-term” stability as 24 hours with <10-mV/h degradation. This is a very large disparity. The 
durability of sustainion needs to be confirmed by multiple laboratories and assessed on longer 
timescales, but this project does not appear to be positioned to accomplish that objective. Given >3,000 
hours of stability, it is unclear if the EIS methodology developed in this project will allow for addressing 
stability over longer durations. It is difficult to assess the degree of technical progress on 
developing/studying MEA cells for long-term operation given the limited data presented and the 
disparity noted. The investigation of MEA cells’ transporting proton is questionable because these cells 
will necessarily operate with very large voltages. For mechanistic reasons, the cathode requires a very 
negative voltage regardless of pH. Operating the anode in acid therefore necessitate a cell that operates at 
~4 V or higher for a reasonable current density. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their time and feedback. We agree that standardized testing protocols remain 

a need to enable CO2 conversion, and we are excited to be able to participate in this critical research 
area. As noted in the presentation, initial work in this project has focused on understanding the baseline 
performance for both alkaline and PEM-based MEAs. We have built advanced MEA testing capabilities, 
and subsequently we demonstrated reproducible performance for these MEAs, applying multiple analytic 
techniques to close the carbon balance. Moving forward, this baseline will be used for comparison 
against new catalysts and/or MEA architectures. Additionally, stable performance of these MEAs has 
also been demonstrated for up to 100 hours. Additionally, the development of standard procedures for 
MEA fabrication, testing, and product analysis are also needed to enable this technology. We have 
developed a method to probe alkaline membrane integrity, and although the current version of this is 
specific to this MEA, ongoing work will aim to broaden the applicability of this membrane durability 
test. Also, we recently developed a standard analytic procedure based on 1H nuclear magnetic resonance 
to detect CO2 conversion products in liquid solutions; additional standard analytic methods are planned 
in the coming years. In the coming years, we plan to quantify the rates of major degradation routes at 
play in these MEAs. This will be used for the development of an accelerated durability test, which 
remains a critical need for the community. We agree that this type of work is critical for defining 
performance metrics and identifying barriers to the scale-up and implementation of this technology. To 
address some specific questions, first, we believe this project is a good fit within BETO’s portfolio 
because BETO recently developed a CO2 Utilization program, and this project was one of the first efforts 
here. We agree that there is a large disparity between the long-term MEA testing data produced by 
Dioxide Materials (>3,000 hours) and the rest of the community, this project included; however, 
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although the Dioxide Materials long-term data are very promising, they need to be validated, and more 
detailed data are also desired. We have taken the approach of first understanding the system in detail at 
shorter times (up to 100 hours), and we have closed the carbon balance on this system, producing 
complete analysis of both anode and cathode streams. Moving forward, we plan to collect these detailed 
data in conjunction with longer-term durability tests, where the nature of the catalyst, catalyst support, 
and membrane will be quantified before and after testing. Notably, the Dioxide Materials long-term data 
did not provide any characterization of different components of the MEA before and after testing, and 
these data are needed to determine the most prevalent degradation pathways at play and to quantify 
degradation rates. So, although the Dioxide Materials long-term data are extremely promising, details on 
major degradation pathways and rates are needed prior to the development of an accelerated durability 
test. Finally, MEA testing on real-world feedstocks has not been in scope to date on this project; this 
work has been a part of another BETO project on CO2 utilization (PI Michael Resch). We regularly 
collaborate with this project, and moving forward, we are poised to do impurity testing if needed, and we 
will compare the performance to that of our established baseline. 
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HYBRID ELECTRO- AND THERMO-CATALYTIC UPGRADING OF CO2 TO 
FUELS AND C2+ CHEMICALS 
Oak Ridge National Laboratory 

PROJECT DESCRIPTION 
Electrocatalytic reduction of CO2 to useful products 
is a possible pathway toward higher rates of CO2 
recycling and lower rates of fossil carbon utilization. 
It is also a means of using electrical energy to convert 
or reduce (in the chemical sense) CO2 to useful 
products. The project specifically targets developing 
an electrocatalytic synthesis approach for the 
reduction of CO2 to C2+ oxygenates and advancing 
the state of technology for the electrochemical synthesis of C2+ molecules from CO2 over new CNS-based 
electrocatalysts. In this approach, bimetallic co-catalysts are developed over CNS catalysts using 
electrochemical synthesis to tune the CO binding energy to enhance the CO oligomerization rates. Energy in 
the form of electricity removes oxygen from the carbon and replaces it with hydrogen or other elements, 
moving the carbon from a low-energy state (CO2) to a higher-energy state (alkane, oxygenates). This strategy 
will become critically important in the future as an alternative to fossil carbon sources and as renewable 
electricity becomes more available.  

 

 

WBS: 2.3.1.317 
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COMMENTS 
• The project was negatively impacted by COVID, and the main researcher and project lead left the 

project. The current densities shown and performance seem to be quite low. The catalyst material 
development work shown has become oversaturated in the literature, and further development of this 
project is most likely not warranted. 

• The goal of this project is to develop a new electrochemical approach for the reduction of CO2 to C2 
products by incorporating copper (Cu)-based monometallic and bimetallic catalysts onto CNS. As part of 
the project’s approach, the performers have developed a new synthesis strategy for generating bimetallic 
catalysts at the CNS tips. The performers’ catalyst/nanospike system shows enhanced activity for CO2 
reduction compared to the bare CNS, but comparisons to other known catalyst systems were not 
presented. Moreover, only gaseous products were quantified, but for the most promising systems, up to 
80% of the charge may go to producing liquid products. The lack of activity comparisons to known 
systems and the lack of liquid product quantification make it difficult to assess the impact of the results 
and whether the project has achieved the project goals. This project would be substantially strengthened 
by the inclusion of a team member with expertise in liquid product identification and quantification. 

• The project seems to be progressing quite well, and the use of the bimetallic catalyst with CNS is 
interesting; however, it was not clear why bimetallic catalysts would promote the production of C2 
products. The fundamental basis of selecting these bimetallic catalysts should be explained in depth. 
Also, the uniqueness of this project was the design of CNS altering the electric fields near the catalysts. 
It would be great if this project focuses on the mechanistic studies of the catalyst placement in CNS and 
the role of bimetallic catalysts on CO2 reduction producing C2 products. 

• The team is small, but it is not clear how closely the former PI (Adam Rondinone) interacts with the 
current PI (Zhenglong Li) and team. Also, connections to the broader community seem to be lacking. 
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The approach to improve the catalyst system seems to have achieved the goal of creating C2 molecules, 
though verification has been delayed because of COVID. There is no clear plan to advance the 
technology to commercialization, mainly because this is a proof-of-principle project. Although this basic 
science work is important and can yield industrially relevant technologies (as evidenced by the licensing 
of the technology to produce C2 molecules), this project seems out of place given BETO’s current 
portfolio goals. The goal of producing C2 molecules appears to have been achieved, though final 
verification has been delayed because of COVID. It is not clear what the next steps of the project are, if 
any. 

• This seed project is investigating electrocatalysts comprising bimetallic particles embedded in CNS for 
the electrochemical reduction of CO2 to C2 products. The target is to improve the Faradaic efficiency 
(FE) for C2 products from 46%, which was achieved in a 2016 publication by the ORNL group, to 58%. 
The strategy is to create bimetallic metal particles embedded in the nanospikes by alloying Cu with 
palladium (Pd). The project is an early-stage catalyst research project that is not well aligned with the 
larger BETO CO2 Utilization program portfolio. The target metrics are not sufficient to move the state of 
the art in the field, and there has not been significant progress to meet these targets.  

Strengths: The nanospike architecture is unusual and relatively unexplored for electrocatalysis.  

Weaknesses: The target metric of 58% FE for C2 products at -1.1 V versus reversible hydrogen electrode 
(RHE) does not include current density and therefore is of limited value for assessing progress. A 
meaningful metric that can be used to compare to the state of the art should include current density, 
voltage, and selectivity (FE). The current densities demonstrated so far for nanospike catalysts are far too 
low to determine whether they are promising for CO2 reduction. Current densities in this project have 
ranged from microamps to a few milliamps, which makes it very difficult to assess the viability of the 
approach. Recent reports have shown up to 75% FE for C2 (ethanol and ethylene) at >100 mA/cm2 at -
0.8 V versus RHE (https://doi.org/10.1038/s41565-021-00974-5). The results shown for the nanospike 
catalysts as well as the target metrics for the project are far behind this benchmark. There is no indication 
that alloying Cu with Pd improves C2 synthesis. 

PI RESPONSE TO REVIEWER COMMENTS 
• We appreciate these great comments. The original motivation of this project is to design bimetallic 

catalysts to tune the surface *CO binding so that the coupling products’ formation can be promoted, 
which is the major focus of this small seed project. The laboratory shutdown due to COVID and 
personnel changes have significantly limited the progress and efforts. When additional resources are 
available, we hope to further advance this CNS-based electrocatalyst in terms of current density and 
Faradaic efficiency and benchmark it with other known catalyst systems. 

  

https://doi.org/10.1038/s41565-021-00974-5
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WASTE CARBON GAS UPGRADING VIA ACETOGENS 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
Waste carbon gas represents a large and diverse set of 
feedstocks that could be captured and turned into 
useful products. This includes waste gas emitted from 
industrial activity, syngas from burned plant biomass 
or processed municipal waste, and the 
electrochemical reduction of CO2. Currently, carbon 
gas is being microbially converted to ethanol as a 
main product; however, ethanol is a lower-value 
product with a limited market size. Although these 
microbes can make other higher-value products, there are no commercial processes for generating these other 
products, leaving a gap in understanding potential implementation for commercialization. 

Expanding the products microbially produced from waste carbon gas requires several steps before commercial 
implementation. We are studying the acetogen Clostridium ljungdahlii as a biocatalyst to convert waste carbon 
gas to the chemical 3-hydroxybutyrate (3HB), a plastic monomer and fuel precursor. For that, we are studying 
and engineering microbial characteristics for novel 3HB product formation from waste gas streams. This 
includes metabolic characterization, genetic engineering, gas fermentation scaling, as well as TEA and LCA.  
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COMMENTS 
• The goal of this project is to develop genetically engineered microbes to convert CO2 and CO gas 

streams into C2 products, specifically 3HB. The performers envision an overall process where CO2-rich 
industrial waste gas is first electrochemically reduced to CO2/CO/hydrogen (H2) gas mixtures, which are 
then fed into a bioreactor for conversion to C2–C4 products. Microbe engineering is well underway, and 
the performers have already developed organisms with enhanced CO2 conversion efficiency. The 
performers have also developed a 2-L bioreactor for mixed-gas inputs, and they are on track for scale-up 
to the target 5-L reactor size. The project approach would be strengthened by increased consideration of 
the impact of flue gas contaminants on the microbial conversion efficiency. In the performers’ 
envisioned overall process, such contaminants may still be present in the electrolysis output stream, and 
thus they may be introduced into the bioreactors. A particular strength of this proposal is that the TEA is 
fully integrated into the research approach, and it has already been used to determine minimum 
productivity targets for economic viability. 

• The team seems capable of performing the project, but it is not clear how frequently the team meets nor 
how progress is monitored and technical issues are resolved. Although mention was made of Royal 
Dutch Shell, it is not clear what specific role they play or what interactions with the broader community 
the team has. Metabolic engineering of acetogens to produce products from syngas is not novel but 
should accomplish the team’s goals. Additionally, no new genetic engineering tools are being developed, 
though demonstration of the attB integrase in C. ljungdalhii could be new. The major weakness is the 
reliance on metabolic engineering to achieve the project’s goals (5 g/L of 3HB in a 5-L system). The 
fermentation system is discussed, but it does not seem to be a major focus. Few concrete strategies are 
given on how to progress from 18 mg/L at 100 mL to 5 g/L at 5 L. Also, the current fermentation system 
discussed is only 2 L, and no mention is made of a 5-L system. The overall impact of this work seems to 
be nominal. As mentioned, genetic engineering of C. ljungdahlii has been accomplished by several 
groups, and sygnas fermentation is a well-known technology. It is not clear what new approach this 
project brings forward. The proof-of-concept strain has been constructed and scaled to at least 100 mL. 
Further specific milestone metrics and dates are not given, so it is difficult to assess how well the project 
will meet the specific outcomes. 

• This project aims to make advances in acetogenic gas fermentation to enable the production of products 
beyond acetate and ethanol. The technical objective of this project is to develop a laboratory-scale 
acetogenic gas fermentation process that produces 5 g/L of 3HB. The scope of work includes 
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bioengineering of C. ljungdahlii, bioreactor design/optimization, and TEA. As such, the effort is diffuse, 
and it is unclear how the project will be effectively managed across multiple disparate activities.  

Strengths: The ability to produce 3HB from acetogenic fermentation could provide a competitive 
alternative to several other technologies for making 3HB/polyhydroxybutyrate (PHB) that use either 
sugar or methane feedstocks. It is still quite early in this project, but from the preliminary results with the 
deletion mutant, there appears to be some traction in engineering the organism to improve 3HB titers. 
The initial TEA has identified key factors for cost-competitive 3HB production, especially increasing the 
productivity (g/L/h).  

Weaknesses: Despite the improvement from 150 mg/L to 345 mg/L, the titer is still more than an order 
of magnitude off the target. There is not a clear plan as to how this gap will be closed. The TEA is 
necessarily very speculative at this point. Although there is value in identifying the 3HB productivity 
target, further TEA at this point seems premature given the very early stage of the 3HB process. 
Moreover, the CO2/H2 and CO feedstock options are shown to give the same selling price, but this top-
line result is not particularly meaningful because there are fundamental issues with each. For CO2/H2, it 
is mentioned that the productivity is low. It would help to clarify whether there is any precedent for C4 
productivity at the level used in the TEA. Similarly, it would help to clarify the assumptions around the 
CO2 electrolyzer used in the case where CO is the fermentation feedstock. 

• This project is very ambitious considering the budget size. There are many parts and collaborations that 
cover a wide range of topics. Although the data being collected by each subgroup is interesting, the 
overall project seems to be less focused. The interplay between the TEA and other parts of the project 
(e.g., strain stability, cocultures) should be further strengthened. 

• This project is well managed, and progress toward the goals of the project were clear. The project 
approach involved developing organisms to develop ethanol instead of acetate using CRISPR-Cas9 
engineering, and interesting strains have begun to be disseminated. There remains lots of room to 
understand the organisms with respect to the response to different syngas mixtures. A gap that needs to 
be addressed is process engineering. 

PI RESPONSE TO REVIEWER COMMENTS 
• Syngas conversion via acetogenic metabolism is beginning to be commercialized; however, these 

organisms mainly generate lower-value C2 chemicals, mainly ethanol. Ethanol has a well-understood 
industrial microbial conversion history, such as separations and product markets. These organisms are 
normally wild type and have not been scaled; thus, there is a knowledge gap surrounding scaling 
engineered organisms with regard to performance and strain engineering. Producing nonnative products 
is likely to have different stresses on the metabolism of these organisms, and there may be selective 
forces when scaling these microbes that prevent good heterologous product formation. Additionally, 
many microbial engineering efforts so far have focused on replicating plasmids and have minimal 
engineering of the native organism itself. Little is known about the performance of engineered strains, 
especially in scaled systems. Although the TEA is speculative, it is useful for identifying knowledge 
gaps and areas of research that may have been overlooked or underemphasized. The CO2 electrolyzer 
assumptions are used from the NREL team, which has both a state of technology and a “future 
assumption” metric where they hope CO2 electrolyzer technology to be in the future. We do have 
collaborations with those performing CO2 electrolysis (Royal Dutch Shell and Princeton are part of a 
collaboration with us doing the electrochemistry) and microbial conversion beyond our model syngas 
mixtures, so we can test real feedstock streams from electrochemical sources. We have already combined 
engineering the native pathways of the organisms to reduce C2 products and increase the 3HB as a 
product. Genetic engineering tool development in our project has multiple aims beyond heterologous 
product formation, including testing strain stability in larger systems as well as dealing with syngas 
mixtures and understanding product profiles as a result of the convergence of biological and industrial 
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engineering efforts. We are planning on scaling engineered strains to our 2-L system first. The 5-L 
system is still in development because the gas fermentation scaling system is an NREL center initiative 
shared across biological conversion platforms. We are simultaneously engineering our strains at a 
smaller scale to identify biological engineering targets while working at larger scales to see if process 
improvements can help with some experimental limitations when working with smaller volumes. 

  



2021 PROJECT PEER REVIEW 

 

575 CARBON DIOXIDE UTILIZATION 

IMPROVING FORMATE UPGRADING BY CUPRIAVIDUS NECATOR 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
Formate can be generated by electrocatalytic 
reduction of CO2 and has been proposed as a soluble 
intermediate for the storage of carbon and energy. 
Biological systems capable of assimilating formate 
could enable the conversion of formate generated 
from low-cost renewable energy and waste CO2 to 
myriad fuels and chemicals. To that end, the goal of 
this project is to develop the natural formatotroph C. 
necator as a robust microbial chassis for the efficient 
conversion of formate to value-added products. Using a combination of laboratory evolution and rational 
engineering, we have identified mutations and genetic deletions that improve its growth rate and biomass yield 
on formate by 1.2 times. Using ribonucleic acid-sequencing (RNA-seq) transcriptomics, we are elucidating the 
mechanisms that underly these improvements, and we anticipate that this will contribute to our understanding 
of formate conversion. We have also engineered C. necator to convert formate to the potential polymer 
precursor 2HMS by introducing an exogenous pathway and deleting competing pathways, and we have 
demonstrated production and robust growth using a pH-stat bioreactor. Final TEA and LCA on the biological 
production of 2HMS from formate will enable DOE and other stakeholders to evaluate the economic and 
environmental impacts of this project and related technologies. 
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COMMENTS 
• Formate is an interesting alternative to CO as a feedstock for the fermentative production of chemicals 

and fuels. This project is largely a strain engineering effort to improve formate assimilation and 
demonstrate a proof-of-concept titer (2 g/L) for the production of 2HMS.  

Strengths: The project is well managed. There was a clear plan to evaluate the ability to evolve/engineer 
improvements in both the native pathway and a synthetic pathway, and the team succeeded in achieving 
the desired improvement (1.2 times) with the native pathway strategy. The combination of genomic 
analysis and rational engineering has yielded insights into the metabolic reasons for the improved growth 
and biomass yield, providing valuable knowledge for the field.  

Weaknesses: The choice of 2HMS as a target was not adequately justified. Given that there is no existing 
market for 2HMS, it would help to have some description of the target applications or the products that 
2HMS could substitute for to evaluate the importance of engineering toward this target. The engineered 
strains so far have yielded 76 mg/L, which is quite far from the target 2 g/L, and there are only six 
months left in the project. 

• The management plan is clear, as is coordination with other C1 utilization groups. Starting with a natural 
formate-utilizing microbe is smart, as was the decision to drop the synthetic pathway approach. The 
selection of the 2HMS product may not be the most appropriate product, but it is sufficient for this 
proof-of-principle project. The improvement in formate utilization is impressive, and the knowledge 
gained from the genome sequencing could yield important scientific breakthroughs. Implementation of 
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the technology is dependent on an economic approach to generate formate from CO2 (though this is 
purposefully beyond the scope of the project). The team looks to be on track to meet all project 
outcomes. 

• This project focuses on engineering microbes for upgrading formate to 2HMS, a polymer precursor. The 
project approach originally focused on engineering microbes for formate conversion along two 
biological pathways: a native route via the Calvin-Benson-Bassham cycle and a synthetic route via the 
formolase pathway. An early no-go decision was triggered for the synthetic route when integration of the 
formolase pathway into the microbe resulted in no enhancement in formate consumption, and this led to 
a redirection of effort toward improving the native route. This redirection of effort had a beneficial effect 
on the project’s progress, and the performers demonstrated increased activity for formate conversion 
along the native route for evolved and engineered microbes. The performers demonstrated a 0.5-L 
bioreactor for small-scale 2HMS production, but they did not indicate an approach to scale this to 
achieve their milestone of 2 g/L. 

• This project is developing biotechnologies to upgrade the C1-liquid intermediate product formate into a 
more value-added high-performance product. Despite initial setbacks with evolved isolates, engineered 
strains showed an improvement of 1.2 times; however, the size of the reactor was relatively small, and 
this initial project shows that there is room for improvement. A question remains whether a formate 
feedstock is appropriate or would have the highest impact because of its relatively small market. 

• This project showed that 2HMS can be produced from formate, and it provided insights into how the 
formation conversion can be improved. Although the study was thorough and insightful, it lacks the 
investigation of potential complexities of such biological systems. The effects of impurities and 
feedstocks with different C1 compounds would be a good addition for future studies. 

PI RESPONSE TO REVIEWER COMMENTS 
We thank the reviewers for their careful review of this project and thoughtful comments and suggestions. The 
overall goal of this project is to develop the natural formatotroph C. necator as a robust microbial host for 
conversion of formate to value-added products, using 2HMS as an exemplary product. We believe the greatest 
contribution this project can make is in developing an improved base strain for the conversion of formate, so 
that has been our primary focus. As noted in our presentation, however, 2HMS has functional groups that lend 
it utility as a polymer precursor. Its production pathway is also closely related to other promising polymer 
precursors, including muconic acid and beta-ketoadipic acid, both of which can be used to form bio-based 
nylon and could be pivoted to relatively easily with additional strain engineering. As the reviewers noted, titers 
need to be improved considerably to meet our goal of producing 2-g/L 2HMS from formate. We should note, 
however, that the bioreactor cultivation included in our presentation was stopped while the strain was still 
growing and producing 2HMS, so we expect that additional bioprocess development will enable higher titers. 
Further, that demonstration was performed using our “first-generation” strain engineered to produce 2HMS. 
Additional engineering to delete competing pathways has since resulted in a >350% improvement in 2HMS 
titers in small-scale plate reader experiments, which we expect will translate to higher titers in future bioreactor 
cultivations. With respect to addressing the complexity of biological systems, as noted in our presentation, we 
have performed transcriptomics to understand the mechanisms by which formate conversion was improved in 
our evolved strains. We are still analyzing the results, and we anticipate that an in-depth examination of 
specific targets identified in these experiments could be the focus of future studies aimed at better 
understanding formate conversion. We agree that future studies should also be aimed at enabling the 
conversion of actual CO2-derived formate, which is likely to contain impurities. 
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ENHANCING ACETOGEN FORMATE UTILIZATION TO VALUE-ADDED 
PRODUCTS 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
Electricity from diverse sources is increasingly 
utilized due to its low cost. Low-cost electricity can 
be used to chemically convert CO2 to the liquid C1 
compounds formate and methanol. Methanol can also 
be generated from biogas, or it can be 
thermochemically produced from H2 and CO2. These 
feedstocks can then be microbially upgraded to useful 
chemicals. Formate and methanol are feedstocks for a 
variety of bacteria and have several advantages to 
gaseous electrochemical products, including ease of storage and miscibility in liquid. We decided to focus on 
the acetogen Butyribacterium methylotrophicum because of several advantages: it can already utilize liquid 
C1s; it can natively make the C4 compounds butanol/butyrate; and it has the Wood-Ljungdahl pathway, the 
most efficient natural carbon fixation pathway. 

For this project, as a proof of concept, we are focusing on microbially converting liquid C1s to the C4 products 
butanol/butyrate. This task primarily relies on two parts: characterizing/improving C1 utilization and 
improving C4 production. First, we characterized the conditions of C1 fermentation. Then we looked at 
strategies for improving C4 production formation. In the process, we also developed genetic tools to 
manipulate the metabolism of these organisms. We have begun consolidating the data generated into a TEA 
and LCA to understand how an overall process might work. 
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COMMENTS 
• Considering both formate and methanol as C1 compounds is great for the flexibility of the developed 

technology. The study was systematic and insightful, providing a proof of concept. It is not clear whether 
the TEA of the process at this stage of the development is meaningful, but the team is considering all the 
potential challenges. 

• Strengths: The project has exceeded the target 2-g/L production of a C4 by reaching 3.6-g/L butyrate 
with 50% carbon efficiency. The project has also established some basic tools for engineering B. 
methylotrophicum. The engagement with industry is helpful for scoping the best paths forward with 
liquid C1 feedstocks.  

Weaknesses: The assumptions for CO2 reduction to formate used for TEA are not justified. The cell 
voltage required to obtain even 100 mA/cm2 is >3 V, and most cells need >4 V. There are major stability 
issues. No CO2 electrolyzer has ever come close to the 300 mA/cm2 at 2 V used in the TEA. It would 
help to see more details about the key milestone result (3.6-g/L butyrate, 50% carbon efficiency). It is 
difficult to reconcile the carbon efficiency with the data on slides 15 and 16, which show rather low 
selectivity for butyrate. It would also help to see the productivity (g/L/h). The metabolic engineering 
efforts seemed to yield relatively modest improvement over wild type (slide 16).  

Suggestion: It would be interesting to look at a tandem fermentation process with formate to C2 (acetate) 
with one organism combined with acetate to C4/C6 with another. This is similar to what 
Siemens/Covestro are doing with the Rheticus project. 

• The project management structure is not clear, including how often the team meets, how progress is 
checked, and how issues are resolved. The use of a liquid C1 substrate to overcome mass-transfer 
limitations with gas makes good sense, as does the selection of a native formate and methanol utilizing 
microbe. It was unclear how the genetic tools will be used beyond introducing an alcohol dehydrogenase 
gene. Further development and understanding of the microbe host (B. methylotrophicum) could assist the 
broader community. Implementation of the technology is dependent on an economic approach to 
generate formate or methanol from CO2 (though this is purposefully beyond the scope of the project). It 
seems the main project goal of making 2 g/L of C4 compound from C1 feedstocks has been achieved, 
but beyond this, no further metrics or progress are given. A more detailed accounting of the projects 
accomplishments is needed. 
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• This project developed acetogens as a platform for liquid C1 conversion and was able to demonstrate 2 
g/L of a C4 compound. The project found that that there is unique synergistic conversion when both 
formate and methanol mixed. This project demonstrated unique conversion utilizing C1 liquid 
intermediates, which could be easier to handle and require less separation than gas fermentation. My 
overall assessment of this project is very positive. 

• This project focuses on engineering microbes for upgrading formate to C4 products. The performers 
made substantial progress and demonstrated a test-tube-scale reactor for conversion of formate to 
butanol/butyrate at 3.6 g/L titer, exceeding their end-of-project milestone of 2 g/L titer. Their approach 
incorporates a TEA that suggests methanol as an alternative, more cost-effective feedstock, and the 
performers tested mixed formate/methanol feedstocks for conversion to C4 products. The future work 
plans of scaling TEA/LCA to larger reactor sizes and using C1 feedstocks from CO2 electrolysis will 
further increase the projects impact. 

PI RESPONSE TO REVIEWER COMMENTS 
• Liquid C1 utilization by native formatotrophs is a novel, developing concept that is really in the nascent 

phases. Although acetogenic conversion of syngas is reaching industrial scale, little is known about how 
a C1 liquid acetogenic commercial process would function. Demonstrating a proof of concept is the first 
step to realizing commercial potential, and capturing production metrics are important for identifying 
further areas of important research. By the end of the project, we are hoping to demonstrate C1 liquid 
conversion in a fermenter with productivity metrics, which will then feed into analysis done by NREL’s 
team to generate TEA and LCA. Electrochemistry integration, TEA, and LCA are moving targets. As we 
develop the biological process, research is continuing for the CO2 electrolyzer, prices are changing, and 
the increasing value of CO2 capture and utilization needs to be measured/estimated. The metrics used for 
the CO2 electrolysis is a best guess of where the technology will end up, so these estimations are to be 
taken with a grain of salt because they are somewhat future predictive. Also, we are hopefully going to 
have an impact on the research directives of those developing CO2 electrolysis. As we have shown, a 
mix of liquid C1 compounds is actually advantageous for our microbial platform, which was an 
unexpected outcome of our research. Many electrolysis systems are designed to pursue a single product 
from CO2 reduction, but acetogenic systems can utilize various reduced C1s simultaneously; thus, single 
C1 products from electrolysis become less important. Integration with CO2 electrolysis systems may 
become more important in the future to understand how biology and electrochemistry can best work 
together. Because these are new organisms, understanding these organisms and developing genetic tools 
is important, and there are many potential implementations of these organisms. As cited in the 
comments, a tandem/combined fermentation process has been explored in C1 syngas conversion to 
C4/C6, which could be a potential implementation of these liquid C1 conversion systems. A key 
endeavor of this project is to disseminate information about the potential of these organisms and the 
promise they hold. Syngas conversion has already reached the commercial stage, but it will probably 
always be hampered by the fundamental gas/liquid mass-transfer problems. This research can alleviate 
those fundamental problems, either by co-consumption of gases and liquids or by replacement by C1 
liquids only. 
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SYNTHETIC C1 CONDENSATION CYCLE FOR FORMATE-MEDIATED 
ELECTROSYNTHESIS 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
Formate-mediated electrosynthesis aims to create a 
novel pathway for CO2 conversion and biosynthesis. 
It exploits the best of electrochemistry and biology 
via an ideal metabolic intermediate—formate, which 
can be electrochemically produced from CO2 and 
biologically upgraded to high-value products. In this 
project, the NREL team, in collaboration with 
Lawrence Berkeley National Laboratory, designed 
and engineered a synthetic formate-utilization 
pathway in E. coli by utilizing systems-level and high-throughput synthetic biology approaches. In silico 
pathway analysis and experimental synthetic biology work were accomplished comprehensively. 
Computational analysis indicated thermodynamic feasibility and production potential of the synthetic C1 
Condensation Cycle as well as quantitative enzyme requirement in catalytic kinetics. The TEA further 
identified potential cost drivers in this technology. The synthetic pathway was successfully engineered in E. 
coli, with competing pathways knocked out and supporting genes expressed. The best strains grow 
mixotrophically on formate and other renewable feedstocks with endowed ability to produce glycolate. The 
titer of glycolate from mixotrophic E. coli cells reached ~4 g/L in shaking flasks. Based on 13C-tracer 
analysis, ~15% of glycolate is synthesized from formate and/or CO2. The NREL team is performing deeper 
genome engineering, laboratory evolution, and bioreactor optimization to further improve formate-utilization 
efficiency and glycolate productivity.  
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COMMENTS 
• The team management plan is clear. The interactions, if any, with the other C1 utilization groups were 

not clear. The engineering of a novel formate-utilization pathway into E. coli is scientifically interesting, 
but the benefit is not clear, beyond being novel. There are many native formate-utilizing microbes that 
already use different pathways, and it is not clear that the same amount of effort could not be used to 
make one of these more genetically tractable. Even if a formate-utilizing strain is constructed, the team 
will then need to optimize a production pathway, similar to what would be needed in a native utilizer. 
Although the science is very interesting, this project seems out of place in the BETO portfolio. It is 
unclear what the major impact of the development of a novel formate-utilization pathway will be 
because, as presented, the pathway does not have any advantages over existing known pathways. 
Scientifically, demonstration would be interesting, but I do not see this significantly impacting the 
industry. Progress has been made, and partial utilization of formate has been achieved; however, it is not 
clear the team will achieve the 1-g/L glycolate production from formate by the end of the project. 

• This is an ambitious project to engineer E. coli to convert formate into glycolate, which requires 
importing an entire pathway and deleting a competing pathway. The project has achieved some success, 
although the prospects for advancing this technology further toward application are still unclear.  

Strengths: Formate to glycolate is a value-added transformation that would enable substantial CO2 
valorization if coupled with electrochemical formate synthesis. The team has succeeded in engineering 
an organism that produces 4 g/L of glycolate from formate and xylose, which is derived from inedible 
biomass. The project has generated foundational learnings about formatotroph engineering that will be 
valuable for further development of this approach to CO2 conversion.  

Weaknesses: The amount of glycolate produced from formate is still low and below the modest end-of-
project target of 1 g/L/d. The glycolate productivity from xylose and formate is interesting, but this is a 
substantially different application that needs further context and analysis to understand if it is worth 
pursuing. There was no discussion of the theoretical limits to energy conversion with this strategy—
specifically the energy content of glycolate at maximum attainable yield divided by the energy content of 
formate. 

• This is an interesting study that aims to produce glycolate from formate. The approach is unique, and the 
findings seem promising. The modeling effort is a good addition, but additional discussion is needed on 
how computational validation can aid in the better design of formation conversion pathways. Based on 
what has been presented, it is not clear what are the critical bottlenecks of this approach to achieve the 
target yield, titer, and productivity of glycolate (i.e., better controlled reacting environment? This needs 
to be specific). 

• This project focuses on engineering microbes for upgrading formate to glycolate. The performers 
successfully demonstrated that E. coli can be engineered to consume formate and produce glycolate with 
~4.1 g/L titer at flask level. This result is of scientific importance because E. coli does not naturally 
consume formate, so the researchers engineered a new formate conversion pathway into these organisms. 
The performers did not indicate an approach to scale their process to achieve the project milestones. 

• This project sought to engineer E. coli to convert CO2 or formate via engineering a novel metabolic 
pathway. This was a very ambitious and creative project that was high risk and high reward at a low 
TRL. The project was successful in producing glycolate from the engineered pathway, but formatrophic 
growth has not been achieved. Although this is a very interesting fundamental science project, the ability 
for commercialization and scale-up to the industrial level remains to be seen. 
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PI RESPONSE TO REVIEWER COMMENTS 
• Response to Comment 1: We are grateful for the comment. In terms of how computational validation can 

aid in the better design of formation conversion pathways, we conducted computational thermodynamic 
analysis and protein cost analysis. One ongoing effort is to quantitatively profile the proteome of 
engineered strains. The results will be comparable with the optimal modeling outcomes. The difference 
will indicate potential pathway targets that need to be further engineered, thus guiding the synthetic 
biology work. In addition, a better-controlled reacting environment, as the reviewer suggested, will 
affect glycolate yield and productivity. We are performing process optimization in both shaking flasks 
and a bench-top bioreactor. Variables that are being investigated include aeration, pH, nutrient 
compositions, isopropyl β-d-1-thiogalactopyranoside level, and others.  

Response to Comment 2: Many thanks for the comment. The ability for scale-up is being investigated by 
bioreactor experiments.  

Response to Comment 3: Thanks for the comment, especially the weakness the reviewer mentioned. We 
are coupling the metabolic engineering and laboratory evolution strategy for formatotroph purposes. As 
to the xylose-plus-formate strategy, the theoretical yield of this approach was confirmed by genome-
scale flux balance analysis, which shows that the approach can produce glycolate without carbon loss as 
CO2. This could be developed as a practical strategy for bioproduction with carbon neutralization. In 
addition, preparing a sugar-plus-formate cofermenting culture first and then adapting the culture to 
formate only proved to be a valid strategy for evolving formatotroph; thus, this work will also help us 
achieve the goal on absolute formatotroph.  

Response to Comment 4: Thanks. The ability for commercialization and scale-up to the industrial level 
are being investigated by, for example, bioreactor experiments and TEA.  

Response to Comment 5: The reviewer’s comment is appreciated. We have bimonthly meetings and 
share progress often with other formate projects. From the perspective of strategies, this project focuses 
more on synthetic formate conversion; the other two leverage native formate organisms/pathways. We 
posit that both types of strategies have their own sets of advantages and disadvantages, and all projects 
are synergetic to each other toward the goal of formate upgrading. Note that even for native 
formatotrophic organisms, intrinsic limitations still exist in the pathways because formate utilization is 
evolved for minimal survival purposes, not for high-yield bioproduction. To solve them, we need to go 
further than only turning native formatotrophic organisms genetically tractable. In this regard, 
engineering a model microbe (e.g., E. coli) could be advantageous because of well-studied metabolic 
background, simplicity in genetic manipulation, robustness and fitness as industrial chassis, etc. It 
provides an effective approach to learn biosystems’ traits in formate conversion and therefore will shed 
light on the industrialization way. 
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DEVELOPMENT OF A SCALABLE, ROBUST ELECTROCATALYTIC 
TECHNOLOGY FOR CONVERSION OF CO2 TO FORMIC ACID VIA 
MICROSTRUCTURED MATERIALS 
Montana State University 

 

 

 

 COMMENTS 
• The approach taken by this project is meaningful in terms of providing insights of scaling up these 

reactor systems. This project lacks the study at the interface between electrochemical and biological 
reactors. Two systems seem to be studied independent from each other. It is not clear how water recycle 
can be achieved and what would be the pH tolerance throughout the system. The overall process 
integration should be revisited. 

• The overall goal of this project is to develop an electrochemical reactor for conversion of CO2 to formate 
and then to use this formate as a feedstock for biological upgrading to more highly reduced projects. The 
project is divided into two overall themes: one focused on scaling an electrochemical reactor for formate 
production and the other focused on organism engineering for formate conversion to ethylene glycol. In 
the first theme, the performers are using an iterative scaling approach that has allowed them to identify 
and address technical challenges at multiple scales. This approach has led to optimized cell designs, 
catalyst coating methods, and graded porosity gas distributors that help overcome challenges identified 
during the scaling research. In the second theme, the performers developed microorganisms for formate 

WBS: 2.3.4.600 

Presenter(s): Lee Spangler 

Project Start Date: 10/01/2018 

Planned Project End Date: 03/31/2022 

Total DOE Funding: $1,483,983 



2021 PROJECT PEER REVIEW 

 

585 CARBON DIOXIDE UTILIZATION 

conversion and tested the conversion efficiency using electrochemical process fluids. The performers 
have made significant progress in both themes, and the findings have high potential impact in their 
respective fields; however, based on the presentation, it seems that the two themes are being studied 
independently, and the strategy for eventual integration of the themes was unclear. The project approach 
and impact could be strengthened by increased emphasis on the technical challenges associated with 
reactor integration. 

• The project management plan was clear. Although examples of technical risks are provided, possible 
mitigation strategies are not. The overall technical approach is good. The team is able to focus on the 
electrolyzer, microbial upgrading, and the integration of the systems. A key challenge is integrating the 
output of the electrolyzer with the microbial host, and the team has made good progress on this front. 
The reasoning behind selecting E. coli as the microbial host is not clear. A novel first-of-its-kind 
pathway has been identified, and the team has made good progress in implementing a new pathway for 
C1 upgrading, but it is not clear this has a significant advantage over a native formate-consuming 
microbe. The team must implement both the new pathway and the ethylene glycol pathway rather than 
only an ethylene glycol pathway. By focusing on the entire process and integration, the team is 
maximizing the possibility of success. Although the novel C1 upgrading pathway is interesting, it is not 
clear that is a distinct advantage over a native formate-utilizing microbe. The team has made good 
progress on all fronts and looks on track to meet the milestones. It is not clear when the microbe needs to 
begin consuming formate, which it is has not done yet. 

• This project combines formate reactor scale-up with earlier-stage research to develop a formate-to-
ethylene glycol pathway in E. coli. Both tasks are challenging for different reasons, and they are at very 
different TRLs. Consequently, there is little that can be accomplished by combining them as opposed to 
operating these projects separately.  

Strengths: The generation of graded porosity gas distributors is an interesting technology, and the project 
has succeeded in scaling up production to accommodate large electrolyzers. Formate to ethylene glycol 
is an ambitious target but would be very attractive if an optimizable biosynthesis were developed.  

Weaknesses: The performance of the larger (100-cm2) electrolyzers is significantly worse than the 
smaller (10-cm2) electrolyzers, and there is a large gap between the current results and the end-of-project 
goal. The plan to bridge this gap is not clearly delineated. There is not yet any demonstration of 
microbial ethylene glycol synthesis from a formate feedstock. The use of formaldehyde is not a 
reasonable substitute for formate. 

• This project focused on scaling up an electrochemical reactor for the conversion of CO2 to formate, 
followed by the biological upconversion of formate to ethylene glycol. The project team included 
partners from academia as well as a startup looking to scale up CO2 electrolyzers. Although the 
biological upconversion holds promise, the performance targets for CO2 to formate (FE ~70%, >4 V, 
etc.) are far from the state of the art. The TEA was also performed by the startup company and raises 
questions about its accuracy or reliability. Overall, I was underwhelmed with the electrochemical 
performance of the scaled-up reactor. 

PI RESPONSE TO REVIEWER COMMENTS 
• This project is consistent with the DOE FOA and has the generation of the “intermediate” chemical 

(potassium formate salt) and its consumption by the engineered bacteria to make the “final” product 
(ethylene glycol) take place in two separate process steps. The intermediate generation step is an 
electrochemical process that generates the formate salt using CO2 and water. In the second step, in a 
separate bioreactor, the formate salt is fed to the bacteria to produce ethylene glycol. Although the two 
steps cannot be integrated in the same reactor, both processes—the electrochemical process chemistry 
and the biological bacteria ability for uptake of formate—are being modified so that the biological 
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process can be directly fed with the formate product solution from the electrochemical reactor, without 
need for separations, concentration, or pH adjustment. To date, our work on the integration of the 
electrochemical and biological conversion processes has focused on the impact of key electrochemical 
salts on the growth of our target microbial hosts. Our finding that E. coli is capable of growth in media 
containing up to 1.25 million potassium chloride (KCl) has provided a basis for the electrochemical work 
to optimize this system for formate generation considering this factor. The electrochemical and 
biological teams continue to iterate on this optimization to determine the optimal conditions conducive to 
maximizing formate generation and biological upgrading directly from electrochemical process media. 
We have demonstrated growth of our engineered strains in process media containing a secondary carbon 
source, and we will continue to refine and improve this aspect. This will be conducted in conjunction 
with our continued engineering and improvement of biological formate upgrading as we move to in vivo 
ethylene glycol production based on our demonstration of the entire conversion (formate to ethylene 
glycol) in vitro. We also note that given the well-known toxicity of formate to microorganisms—
including E. coli and native formatotrophs, such as C. necator—we are envisioning that a fed-batch 
process will be needed to mitigate this issue. The continued TEA will further guide these efforts to better 
understand the best approach for formate conversion (e.g., fed-batch) and recycling (e.g., CO2, water, 
salts) considering the required electrochemical parameters and biological constraints (e.g., pH, formate 
concentration).  

• We proposed a budget period two target of an “optimal” 100-cm2 reactor, which is a 10-times (one-
order-of-magnitude) improvement over the current state of the art for CO2 to electrochemical liquid 
products because reactor sizes by other researchers are limited to a maximum of 10 cm2 (3.3 cm x 3.3 
cm). This is because mass-transport limitations of CO2 and flooding across the gas diffusion electrode 
(GDE) become factors that significantly reduce the electrochemical performance (current density, FE, 
continuous operation time) when going from 10 cm2 to larger sizes. For this reason, most studies focus 
on small reactor sizes to research performance improvements. To our knowledge, the only study looking 
at larger sizes provided significantly suboptimal performance for formate, with low stable 
electrochemical performance (<4 hours) and extremely unreasonable chemical consumption (using 
expensive potassium hydroxide as consumed/reacted anolyte). The reason other researchers limited the 
reactor size to a small fraction of the commercial size (1-m2) reactor is the extremely complex nature of 
the CO2-GDE-electrolyte contact and mass-transport optimization issues that need to be understood and 
revised for optimal reactor performance. The project team has taken it up upon itself to solve this issue 
when going from 10 cm2 to 100 cm2 in budget period two and up to a 300-cm2 reactor in budget period 
three, where OCOchem is working to modify the current reactor designs, and MSU is developing 
customized-pore graded structures to aid the mass transport and avoid hydrodynamics issues in the 
electrochemical reactor.  

The reason to have MSU in this project is to develop the structures to eliminate and optimize the 
hydrodynamics issues at larger reactor sizes, which were foreseen at the proposal stage. Unfortunately, 
the approach and progress in these developments could not be discussed in entirety during the call with 
DOE. Progress is being made, and we are confident that we will meet the project goals.  

OCOchem has been working on iteratively optimizing the hydrodynamics by modifying the reactor 
configuration and testing in-house-developed reactor parts (3D-printed flow distributor plate and flow 
promoter mesh) to obtain uniform catholyte distribution without liquid head buildup. MSU has been 
separately developing structures to act as backing to the GDE that preferentially distributes the gas to 
soothe the difficulty in doing so with the presence of the liquid head on the other side of the GDE. These 
will be integrated in the coming weeks and tested, and they will be optimized iteratively to help obtain 
the desired electrochemical performance metrics.  

Corresponding to a recent project milestone (March 31, 2021, after the project peer review meeting), we 
demonstrated the production of ethylene glycol from formate utilizing identified enzymes in vitro. Prior 
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to this, however, with our discovery and use of a first-of-its-kind biological pathway for C1 upgrading to 
multicarbon products, our approach to developing this pathway for formate to ethylene glycol conversion 
has focused on concurrently investigating enzymes for the key C1-C1 condensation reaction (2-
hydroxacyl-CoA lyase, HACL) along with evaluating upstream (formate-to-formaldehyde/formyl-CoA) 
and downstream (glycolyl-CoA-to-ethylene glycol) modules. We agree with the reviewer that 
formaldehyde is not a reasonable substitute for formate in the envisioned process; however, our approach 
has allowed us to identify and demonstrate efficient enzymes for all required reactions. Because the 
HACL catalyzed condensation is a new-to-nature reaction and one that is central to pathway operation, 
we used formaldehyde as a proxy to evaluate and characterize candidate enzymes. With well-performing 
(e.g., efficient operation at low formaldehyde concentrations) HACL enzymes in place, we have 
integrated all pathway modules and demonstrated formate-to-ethylene glycol conversion. This 
establishes the entire pathway for formate upgrading, which we will continue to optimize and improve.  

• Generically, project milestones and specific, measurable, attainable, realistic, and time-related and 
go/no-go decision points were set to correspond to key technical risks, thereby reducing risk to DOE 
regarding funding of subsequent project budget periods. Specific technical risks listed were (1) the 
ability to continuously grade porosity structures, (2) the identification of host strains and enzymes, and 
(3) performance retention in electrochemical reactor scale-up. These were at least partially addressed 
through the remainder of the presentation while detailing project progress, but the correspondence to the 
identified risks was not called out, so we understand why the reviewer made this comment.  

For Risk 1, two approaches were made to mitigate it. The first was to perform stepwise grading of 
porosity, a method we had high confidence in achieving (which we did), and could likely generate 
needed performance, but was less ideal than continuous grading. The second was to test grading with 
different material types because particle density affects useable particle concentration in the slurry and 
therefore gradient range in the resulting structure.  

For Risk 2, the mitigation strategy was to identify and test a large number of enzyme candidates and host 
strains, improving the probability of identifying the needed performance. Milestones have been met in 
this area. As we continue improving the overall operation of our C1 conversion pathway and engineered 
strains, we will utilize this large pool of enzymes and required genetic manipulations to improve the 
pathway and strain performance as needed (e.g., reducing byproducts, improving tolerance to specific 
compounds).  

For Risk 3, we explored methods of depositing catalysts and how robust that catalyst distribution is; 
methods of improving conductance across the GDE, including use of a metal mesh substrate; and gas 
diffusion against the pressure gradient caused by the hydrostatic head in the reactor, which is the purpose 
of exploring the development and use of the graded porosity structures. Our selection of E. coli as the 
microbial host is based on both our novel pathway design and the advantages of this proven industrial 
organism. E. coli is an industrial host used to produce diols commercially (e.g., 1,3-pentanediol, 1,4-
butanediol), so it is very relevant for this project given the diol product we are targeting (E. coli has been 
shown to produce and tolerate greater than 70-g/L ethylene glycol). Further, our investigation into E. 
coli’s tolerance to key electrochemical process components (i.e., KCl) determined that E. coli has better 
tolerance to KCl, a salt required at high concentrations for the electrochemical CO2 reduction component 
of the process, than other organisms tested (e.g., the halophile Vibrio natriegens), with growth observed 
at concentrations up to 1.25 million. These characteristics give E. coli a distinct advantage compared to 
native formatotrophs that are not as well characterized or industrially proven.  

From the standpoint of formate utilization, current approaches toward biological product synthesis from 
C1 substrates based on natural or synthetic pathways—including native formatotrophs, such as C. 
necator—inherently rely on the central metabolism to funnel C1 substrates to precursor metabolites that 
feed product synthesis routes. As such, these approaches require concurrent engineering of C1 
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assimilation, central metabolism, and product synthesis pathways to generate multicarbon products. This 
is a challenge even for genetically tractable organisms, and it becomes a significant barrier when 
considering organisms lacking genetic tools and/or requiring laborious processes for genetic engineering. 
Native formatotrophs are in the latter category, and combined with the relative inefficiencies of all native 
formate-utilization/-conversion pathways, the use of these organisms for formate conversion is 
significantly limited in our view. Opposed to working within this framework, we developed a synthetic 
pathway orthogonal to native metabolism that can directly generate multicarbon products from C1 units. 
This minimizes the interdependence on native metabolism, providing a more direct pathway (i.e., fewer 
steps) that circumvents many intrinsic regulatory mechanisms and carbon and energy inefficiencies and 
does not require complex cofactors. Specific to ethylene glycol production, note that our target product is 
a direct extension of our formate-utilization pathway, and as such, it does not require extensive 
engineering of an additional product synthesis pathway (which would be required in a formatotroph). 
This pathway simplicity and orthogonality facilitates its operation in any host organism, including the 
use of industrially proven E. coli. This, in turn, enables more efficient biocatalysts that offer more 
process flexibility, including the ability to grow on a secondary carbon source without directly 
influencing C1 conversion. As we continue to optimize our novel pathway for formate-to-ethylene glycol 
conversion and integrate the electrochemical and biological conversion, these key pathway and organism 
advantages will become even more critical. 
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PRODUCTION OF BIOPRODUCTS FROM ELECTROCHEMICALLY 
GENERATED C1 INTERMEDIATES 
LanzaTech, Inc. 

PROJECT DESCRIPTION 
With increasing drivers for renewable chemicals and 
plummeting sustainable energy costs, there is an 
urgent need for technologies that convert CO2 to 
chemicals with renewable electrons. 
The objective of this project is to convert a minimum 
of 37% of a CO2 stream to isopropanol. This will be 
realized with a platform integrating CO2 electrolyzer 
technology with gas fermentation. An AEM-based electrolyzer from Dioxide Materials will be integrated with 
LanzaTech’s isopropanol producing gas fermentation strain. CO2 from the back end of fermentation will be 
recycled back to the electrolyzer to minimize carbon losses. To aid fermentation yield, the isopropanol strain 
will be developed to utilize arginine as the sole nitrogen source, which has been shown to provide an adenosine 
triphosphate (ATP) benefit over ammonia without significantly increased feedstock costs. 
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Photo courtesy of LanzaTech, Inc. 
 

COMMENTS 
• The goal of this project is to develop an overall CO2 electrolysis/gas fermentation system for the 

conversion of CO2 to isopropanol. The project approach is focused on optimizing the design of a small-
scale CO2-to-CO electrolyzer, improving the yield of the fermentation process, and integrating the 
electrolyzer with the bioreactor. The performers have made significant progress in all aspects of the 
project approach, they have developed a somewhat modular system for integrating electrolyzers with 
bioreactors, and they have identified technical challenges associated with the reactor integration; 
however, the presentation lacked sufficient discussion of the TEA to assess the economic viability of 
some design choices, such as the use of arginine rather than ammonia as a feedstock, or to assess the 
scalability of the process. 

• The project team has good experience to achieve the project, and the management structure is clear. It is 
good the team is taking a wholistic view of the process, optimizing the catalyst, fermentation, and 
integration. The benefit of arginine over ammonia needs more justification. Although the PI says the cost 
per mol of nitrogen is equivalent, further discussion and justification are needed. The assembly of an all-
industry team maximizes the potential successful implementation of this technology at scale (which is 
one goal of BETO), but it also limits the potential sharing of knowledge because of the proprietary 
nature of the work; thus, any fundamental benefit of catalyst design, the arginine supplementation, 
ornithine utilization, or integration will be kept within these two companies, limiting the broad impact of 
the work. The team has made good progress and met the first go/no-go; however, a full detailing of 
milestones and end-of-project goals was missing, so it is hard to fully judge the progress. 

• The team has great expertise in each part of the overall process. The large-scale challenges investigated 
by this project are still relevant to the laboratory scale, not the full commercial scale. The project will 
lead to high-impact results if the future research is more focused on the integration of electrochemical 
and biological reactors. 

• This project seeks to advance the state of the art for electrochemical CO2-to-CO conversion and integrate 
it with acetogenic CO-to-isopropanol conversion. A successful outcome would likely define the state of 
the art for CO2-to-isopropanol conversion (by any system) and provide a basis for a realistic initial 
assessment of commercial viability.  

Strengths: The project is managed well and combines the strengths of the two companies involved. The 
project has advanced the performance of the electrolyzer in key metrics that will determine the overall 
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efficiency of the process. The power consumption of the electrolyzer is roughly in line with the end-of-
project goal (8 kWh per Nm3).  

Weaknesses: It is unclear how close the team is to achieving a gas fermentation that meets the target 
metrics for isopropanol productivity. No results were presented for an integrated system, making it 
impossible to assess the progress toward the overall CO2-to-isopropanol goal or the nature of the 
integration challenges. The project seems like two projects in parallel at the moment. 

• This project was looking to integrate CO2 electrolyzers from Dioxide Materials with LanzaTech’s CO 
fermentation to produce isopropanol. The project was able to demonstrate an improved and scaled-up 
CO2 electrolyzer design with increased energy efficiency and reduced CO2 crossover. The biocatalysis 
innovation included co-utilization of arginine and CO with several strains and pathways built. The 
integrated unit at a reasonable industrial scale has been built, and recycle studies are ongoing. Overall, 
this is a very impactful and positive project with great technological progress on all parts of the system. 

PI RESPONSE TO REVIEWER COMMENTS 
• We appreciate the reviewer for acknowledging the depth of our team’s expertise and aptness for our 

approaches. Although it is true that many of the current integration challenges are associated with 
laboratory scale—such as accurate flow, composition, and pressure monitoring—the system is set up to 
address the main risks for commercial scale: electrolyzer robustness and reliability; components in 
fermentation off-gas that affect electrolyzer performance; full characterization of CO2 crossover (e.g., at 
varying feed rates, feed composition, current/feed ratio, current density); and characterization of any 
effects of the electrolyzer gas on the fermentation (compared with pure synthetic gases of the same 
composition). Integration of electrochemical and bioreactors is the focus of the project moving forward. 
We have already identified the major hurdle to an efficient commercial-scale process, which is the CO2 
crossover in the electrolyzer, and we are working on multiple methods for mitigating this.  

We thank the reviewer for these positive comments on our progress and assessment of our work. TEA is 
part of the project, but unfortunately most detail is unable to be shared publicly. The TEA model relies 
on data generated from laboratory experiments and is updated each billing period.  

• We appreciate the reviewer’s assessment of our strengths and progress. The isopropanol milestone 
targets on titer and productivity results are unable to be shared publicly, but we surpassed the budget 
period one targets in 2019, and we recently surpassed the budget period two project milestones by 
approximately 20%. The electrolyzer performance data presented were achieved on the integrated 
system with gas recycle. The isopropanol targets (not presented) were also achieved on the integrated 
system. Some of the integration work between the arginine and the electrolyzer in budget period two was 
not presented. On the electrolyzer-CSTR system, co-utilization of CO and arginine was tested and 
achieved the relevant isopropanol productivity milestone. In addition, the two work streams will come 
together further in budget period three, where the milestone is to achieve the final isopropanol 
fermentation milestones on the electrolyzer-CSTR system with arginine as the sole nitrogen source.  

• We thank the reviewer for their positive assessment.  

• We appreciate the reviewer’s assessment of our project team, management structure, and overall 
approach. Regarding the benefits of arginine over ammonia, the arginine addition provides the nitrogen 
source with a cost that is similar to that of ammonia at a per-mol-nitrogen basis. In addition, arginine 
addition supplies extra ATP to support growth, and it can increase energy-intensive product yield based 
on whole-genome-scale modeling results (as shown in our slide deck and the previous quarterly report).  
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INTEGRATING CHEMICAL CATALYSIS AND BIOLOGICAL CONVERSION 
OF CARBON INTERMEDIATES FOR DERIVING VALUE-ADDED 
PRODUCTS FROM CO2 
Johns Hopkins University 

PROJECT DESCRIPTION 
Capturing and upgrading point source CO2 represents 
a desirable technological goal to achieve 
sustainability targets. Electrocatalytic processes excel 
at reducing CO2 into simple carbon compounds. 
Conversely, biocatalysts excel at upgrading reduced 
carbon compounds. In this project, we are developing 
a two-stage integrated platform that leverages the 
advantages of both electrocatalytic and biocatalytic systems: CO2 is converted into methanol, acetate, and 
formate via electrocatalysis, and these substrates are subsequently valorized using a methanotrophic bacteria. 
This process has the potential to represent a transformative platform combining electrocatalytic and biological 
conversion steps into an integrated approach for the bioproduction of commercial products. 

 

 

WBS: 2.3.4.603 

Presenter(s): Michael Betenbaugh 

Project Start Date: 10/01/2018 

Planned Project End Date: 11/30/2022 

Total DOE Funding: $969,429 
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Photo courtesy of Johns Hopkins University 
 

COMMENTS 
• The goal of this project is to develop an overall CO2 electrolysis/bioconversion system for the 

conversion of CO2 to PHB and biomass. The project approach is focused on optimizing electrolyzers for 
CO2 conversion to C1 and C2 liquid products, and using these products as feedstocks, engineering 
microbes for efficient conversion of these C1 and C2 electrolysis products to PHB and integration of the 
electrolysis and bioconversion systems. A particular strength of the project team is the inclusion of a 
team member focused on integration, and the research approach includes metrics and analyses for each 
project theme. The performers have made substantive progress toward meeting their project milestones, 
but they did not indicate a specific approach for increasing carbon conversion efficiency (CCE) and yield 
to target milestones. The impact of the project could be strengthened by discussion of how this process 
will compete with existing technology for PHB production. 

• The management structure and risk mitigation measures were very clear. The overall approach is well 
constructed, with a focus on the entire integrated process. Although theoretically it is good to focus on 
the entire process, both technologies (the electrolysis and fermentation) are first-of-their-kind 
technologies, so it may be too ambitious to tackle both in one project. The selection of the specific 
microbe and metabolic target needs more justification—for example, what are the specific advantages of 
this strain? The project is focusing on two new technologies (electrolysis and fermentation), so the 
amount of fundamental knowledge gained is increased. The team has so far made a good effort in 
sharing what they have learned. The project looks to be on schedule to meet project goals and 
milestones. 

• The team has very good complementary expertise that is needed for this project. They have well 
identified the risks and their mitigation options. Considering different feedstocks—including formate, 
methanol, and acetate—for biosynthesis is a great approach. The target FE and CCE seem to be not very 
ambitious compared to the state-of-the-art values. But the data provided for the integrated systems were 
insightful. 

• This project combines CO2 electrolysis with metabolic engineering to transform C1 feedstocks into PHB. 
Both components are at a very early stage. Based on the preliminary analysis presented, it will be very 
difficult to produce economically competitive PHB even if the technical goals are achieved. There has 
been some significant progress toward the technical milestones, but there is still a large gap between the 
current results and the end-of-project goal.  
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Strengths: Methanol is a challenging product to make electrochemically, and the current density, FE, and 
CCE reported for methanol synthesis are promising. The idea of supplying a fermentation reactor with a 
mixed feedstock of liquid C1/C2 products is a nice complement to other more focused strategies, and the 
production of methanol and acetate at a combined 70% FE and 50% CCE is a good starting point. Proof-
of-concept microbial growth on methanol/acetate in the microbial host has been demonstrated.  

Weaknesses: There is no indication of the energy efficiency of the CO2 electrolysis, which makes it 
difficult to assess the significance of the selectivity results. The reported CCEs for the electrolysis are 
very high given the multi-electron reduction products (they are higher than optimized systems that 
produce only 2e- products such as CO), and it would be helpful to see a full account of the carbon 
balance (CO2 into cathode, CO2 out at cathode and anode, C in products). It does not appear that the 
team has succeeded in producing any PHB to date. The electrolysis and fermentation efforts are at such 
an early stage that it is difficult to make meaningful progress on integration. TEA is very premature, but 
if the projections on slide 17 represent best-case scenarios, then it seems that PHB is not a good target. 
Very little information about the TEA was presented, making it impossible to understand the basis for 
the projections. 

• This project is looking to integrate the electrocatalytic conversion of CO2 to formate or methanol with 
bioconversion of these liquid intermediates into PHB. Although electrocatalytically the team was able to 
meet the stated milestones for formate production, they were not able to produce methanol at >40% FE. 
This project shows early-stage integration at the laboratory bench scales with relatively low integrated 
yields that did not meet their milestones. Although the project has academic merit, I do not think it is a 
practical or scalable approach. 

PI RESPONSE TO REVIEWER COMMENTS 
• We would like to point out that there are already industrialized electrolysis technologies. For example, 

chlor-alkali electrolyzers have been commercially employed to produce caustic soda. Similar 
systems/devices can be used for the electrochemical reduction of CO2. Our TEA is also based on DOE 
standards for such electrochemical devices/systems.  

• In our report presented at the Project Peer Review meeting, we showed that we had met the milestones 
for CO2-to-formate and CO2-to-C1/C2 platform chemicals. More recently, we have also shown that CO2-
to-methanol milestones can also be met by improving the design of electrochemical conversion 
processes. In the new design, we have ~14% CCE for direct CO2-to-methanol conversion and ~80% 
CCE going to CO, with the rest counted as potential carbon loss due to gas separation (see the following 
discussion). For subsequent CO-to-methanol conversion, we can achieve >90% CCE because methanol 
is the only carbonaceous product. Overall, the CCE toward methanol has achieved >80% even when we 
account for ~5% carbon loss for each electroreduction step.  

• We agree with the reviewer that it is challenging to reach >40% FE for direct electroreduction of CO2 to 
methanol; however, the major side product is CO, which can be further reduced to CO in a two-step 
CO2-to-CO-to-methanol conversion process. In a recent meeting with the BETO program managers, we 
have shown that we can achieve ~18% FE for the electroreduction of CO to methanol, which can still be 
further improved. Plus, with the 33% FE for direct CO2-to-methanol conversion, we can now achieve 
>50% FE toward methanol.  

• The energy efficiency can be calculated based on the FE and overpotential from electrocatalysis 
experiments. For the CO2-to-formate conversion, the energy efficiency is near 40%, with a FE of 95% 
and an overpotential from 0.5–0.6 V. For the CO2-to-methanol conversion, the energy efficiency is 
>30%, with an overall FE of ~50% and an overpotential of ~0.4 V for both CO2 and CO reduction.  
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• To improve the CCE in the electrochemical conversion of CO2, we proposed to integrate gas separation 
technologies to recirculate CO2 and CO. The major task here is to separate H2, the only side product of 
note, from CO2 and CO when it accumulates to certain extents (e.g., >10%). We would like to point out 
that pressure swing adsorption (PSA)/temperature swing adsorption (TSA) protocols have been 
industrialized for such gas separations in natural gas utilization, with <5% carbon loss for each stage 
(https://doi.org/10.3303/CET1332310). In our budget period three research plan, we have a task for the 
demonstration of such system integration, where we will run laboratory tests of PSA/TSA separations 
and perform TEA/LCA to evaluate the potential impact on the energy efficiency, CCE, and economics of 
the whole process.  

• Our focus in this research is more on the electrochemical process design and system engineering, less on 
the fundamental R&D for electrocatalyst development. As discussed, we have made substantial progress 
on balancing and improving the FE/CCE for the electrochemical conversion of CO2 to formate or 
methanol. We hope our work will contribute to the TRL of electrochemistry-based conversions in 
bioenergy industries. Nevertheless, we have also made technical advancements to boost the durability of 
cobalt phthalocyanine electrocatalysts for CO2 reduction. With our innovation, we are now able to run 
electrocatalysis with this molecular electrocatalyst for several days and produce concentrated liquid 
products (via electrolyte recirculation), which, to the best of our knowledge, remains a grand challenge 
in the community for the electrochemical production of methanol from CO2. Noticeably, CO2 reduction 
to methanol is much more challenging than CO2-to-formate or CO2-to-CO conversions, whereas our 
bioconversion studies have shown that methanol is much more valuable than formate or CO for biomass 
production because of its liquid nature and high energy content.  

• We will use a combination of metabolic engineering, carbon flux, and process optimization approaches. 
Specifically, nearly 30% of consumed methanol can be metabolized into formate and secreted into the 
medium. We have engineered a 20Z mutant with knocked-out methenyl-cyclohydrolase and 
formaldehyde-activating enzyme to improve the fixation of methanol into biomass or a target product 
instead of formate. Second, we demonstrated that growing 20Z in the –Cu growth medium reduced its 
growth rate but significantly improved CCE from methanol toward cellular biomass and the 
accumulation of biopolymer storage compounds. Third, we are enhancing the expression of PHB 
synthesis through applying promoters with higher expression efficiency and codon optimization. Indeed, 
we have demonstrated earlier that promoter and codon optimization can boost the synthesis of the target 
bioproduct in 20Z by more than fiftyfold. Finally, we will enhance the CCE through the optimization of 
bioreactor parameters, including semibatch cultivation dose, intermittent methanol dosing, and the 
limitation of other key nutrients (e.g., N or P).  

• Our latest electrocatalysis strategy allows us to generate methanol as the primary or even the only 
intermediate metabolite with high electrocatalysis CCE. Moreover, the methanol has the highest CCE 
among other intermediates (e.g., formate, acetate). We anticipate that our latest progress will result in 
achieving the total CCE (electrocatalysis CCE x bioconversion CCE) exceeding the final target of 37%.  

• The target CCE is for combined (integrated) process from CO2 to the final product. The high state-of-
the-art values are typically for the conversion of CO2 to formate, which is not a very good substrate for 
bioconversion with biological CCE <15%. On the other hand, the conversion of methanol into biomass 
can be achieved at relatively high CCE; however, electrocatalysis of CO2 to methanol with high CCE is a 
major challenge.  

• The study is focused on Methylotuvimicrobium alcaliphilum 20ZR, a promising bio-platform for the 
utilization of simple reduced carbon substrates, such as methane and methanol. M. alcaliphilum 20ZR is 
a robust methanol utilizer. The strain can tolerate 10% methanol and show robust growth at 5%. Further, 
it is one of few cultures capable of growth in the high-molarity carbonate buffers often applied for CO2 
electrocatalysis; thus, it is a potentially superior bio-platform for the utilization of the electrocatalytically 

https://doi.org/10.3303/CET1332310
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produced C1 and C2 compounds. As part of previous and ongoing DOE-funded research, we established 
a computational framework encompassing the metabolic network of the culture. A large set of multiomic 
data—including metabolomics, the RNA-seq data set, and proteomics—for cells grown in liquid cultures 
with methane or methanol were generated and applied to further improve computation modeling. The 
flux balance model has been actively applied to inform targeted metabolic engineering. The strain has 
been improved for the production of succinate, butanediol, muconic acid, and lactate from methane or 
methanol, all of which are commodity chemicals and precursors for plastic-based polymers. A set of 
genetic tools for the efficient metabolic engineering of the strains has also been developed or optimized. 
The current toolbox includes vectors for gene knockout and insertion as well as optimized protocols for 
gene delivery. In this work, we aim to improve our understanding of the cellular strategies for mixed-
substrate fermentation to establish a fully integrated electrocatalysis-bioconversion process for the robust 
and efficient utilization of CO2-derived feedstocks.  

• We agree with the reviewer’s comments on the importance of mixed substrate utilization fermentation. 
although methanol can fulfill M. alcaliphilum requirements for growth, recent data demonstrate an 
unsatisfactory CCE of only 61%. A significant portion of the energy is released as heat. These 
experiments suggest that the central metabolic pathways cannot build enough biomass precursors to keep 
up with energy production. In silico simulations demonstrate that co-utilization of methanol and C1/C2 
organic acids can improve CCE dramatically up to 70%. Energy from methanol oxidation is captured to 
drive acetate consumption and phosphorylation, whereas formate supplies additional carbon and a redox 
source. Modulation of the carbon flux via acetate auxotrophy can provide an efficient mechanism for 
directing carbon toward acetyl-coenzyme A (CoA)-based products, such as polyhydroxyalkanoates.  

• Strains expressing the PHB-biosynthesis pathway were constructed. The amount of PHB observed is 
limited; however, electromicrographs suggest the formation of a polymer, and light scattering analysis 
suggests that the produced polymer is low weight (80 kDa). Thus, additional improvements in both the 
overall conversion to PHB as well as the modification of PHB to market-attractive polymers, such as 
copolymers PHB and 3-hydroxypropionate, are desirable. We are currently changing the expression 
system to increase the PHB production and interlink production with methanol utilization. Once this goal 
is achieved, we will focus on the integration of the 3-hydroxypropionate biosynthesis pathway.  

• Initial integration efforts helped identify key challenges for us to address and focus our team’s efforts. 
Separate advancements in the electrolysis and fermentation steps as a result of our preliminary data leave 
us confident that we will meet our stated goals for the integrated system.  

• Although the final integrated system is not yet fully defined, investigating the myriad factors required to 
bring the electrolysis and fermentation steps together can still provide useful insights. For instance, the 
electrolysis cell functions optimally when operating with high carbonate levels, but these carbonate 
concentrations adversely affect cell growth and carbon conversion efficiency. By identifying and 
addressing challenges such as these, we are serving to optimize the overall integration of the 
electrocatalysis and biofermentation steps.  

• We are in the process of reviewing alternative PHB production strategies and will include that in 
subsequent TEA.  

• The TEA is informing the development of the technology to determine where investments and 
advancements should occur as we advance the technology toward scalability and commercialization. 
Further, we believe our laboratory and pilot-scale studies will be a critical step in demonstrating 
feasibility for scale-up and commercialization.  
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• As noted, the TEA is premature and constantly evolving to guide the process development. By 
incorporating the TEA into our process development, we believe we can identify which steps are 
challenging and work to address these, such as reducing or eliminating separation costs.  

• We appreciate the interest in our work, and we believe we have significantly detailed preliminary TEA. 
Because of time constraints, we focused on all aspects of the project and did not focus specifically on the 
TEA. More information on our TEA is available in a recorded conference presentation (http://applied-
energy.org/mitab2020/AEAB%202020%20Bili.htm). We welcome additional feedback.  

  

http://applied-energy.org/mitab2020/AEAB%202020%20Bili.htm
http://applied-energy.org/mitab2020/AEAB%202020%20Bili.htm
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INTEGRATION OF CO2 ELECTROLYSIS WITH MICROBIAL SYNGAS 
UPGRADING TO REWIRE THE CARBON ECONOMY 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
This project has worked toward demonstrating and 
understanding the conversion of waste CO2 into 
value-added fuels and chemicals. If successful, our 
proposed technology will incentivize CO2 capture 
and can add carbon efficiency to biorefineries. We 
have integrated two conversion technologies to 
demonstrate a novel approach of combining 
electrolytic CO2 reduction with biocatalytic CO 
upgrading. Industrial partners 3M and Dioxide 
Materials have recently demonstrated the electrolytic conversion of CO2 and water to syngas using inexpensive 
renewable energy. Concurrently, supporting partner LanzaTech has demonstrated industrial-scale CO 
fermentation using steel mill waste CO as a substrate.  

This presentation will highlight the investment BETO has made to establish a CO2 electrolysis test station and 
CO fermentation at NREL. We will also discuss the process of increasing the size of the electrolyzers to meet 
fermentation needs, along with the investigation into the effect CO2 concentration and contaminates have on 
electrolyzer efficiency, lifetime, and specificity. Additionally, we have begun to examine the downstream 
impact that electrolyzer off-gas CO-H2 ratios have on the metabolism of Clostridium autoethanologen. 
Experimental results, along with input from our industry partners, have led to a baseline TEA and LCA. These 
results enabled the identification of key cost drivers and carbon intensity of the process. We used these metrics 
to identify technology gaps to iteratively inform the process optimization and potential deployment siting to 
achieve the economically viable, sustainable conversion of biopower-derived flue gases to fuels and chemical 
intermediates. 

 

 

WBS: 5.1.3.101 

Presenter(s): Adam Bratis; Michael 
Resch; Zia Abdullah; 
Courtney Payne; Jessica 
Krupa 

Project Start Date: 09/01/2018 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $1,500,000 
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COMMENTS 
• This is a great team with clear goals and approaches. The findings from this project are definitely high-

impact and answer key questions on how to integrate electrolytic and biocatalytic reactors. 

• The goal of this project is to design an integrated CO2 conversion process in which CO2 is first converted 
to CO in an electrolyzer, and the resulting syngas is used as a feedstock for microbial upgrading to more 
highly reduced products. The project approach is divided into three tasks focused on electrolyzer scaling, 
gas fermentation process development, and integration of the electrolyzer and gas fermentation 
processes. The performers have established a strong team that includes industry partners with expertise 
in each task. The performers have met with industry stakeholders regarding the possible integration of 
their design with industrial waste CO2 feedstocks, and the possibility of such a partnership increases the 
impact of the project. A particular strength of the project is the research progress studying contaminant 
tolerance for the CO2 electrolyzer. Most of the progress thus far has been on designing, optimizing, and 
scaling the individual electrolyzer and fermentation components; however, there will be significant 
technical barriers to efficient integration that can only be addressed once integration studies commence. 
A renewed emphasis on component integration would help identify new technical challenges and 
strengthen the project approach and impact. 

• The project combines CO2 electrolysis with gas fermentation to provide a route from CO2 and electricity 
to C2 products (ethanol and acetate). The work includes an assessment of the impact of impurities found 
in CO2 emission sources on the performance of CO2 electrolysis, strain engineering to improve gas 
fermentation productivity, and the integration of a prototype electrolyzer with an L-scale gas 
fermentation reactor. The project has a generic, nonquantitative goal (slide 4) that makes it difficult to 
assess progress and impact. Nonetheless, substantial work has been performed, and there are valuable 
findings from the project to date.  

Strengths: The project appears to be well managed, and the development of the infrastructure and 
capabilities for CO fermentation at NREL is impressive. The work on impurities is an important 
contribution to the field. Understanding the impact of impurities on CO2 electrolysis is critical for the 
overall process design and feasibility. The determination that sulfur impurities irreversibly damage the 
silver cathodes demonstrates that sulfur removal will be essential, both from the original CO2 source and 
from recycle loops. Given the progress to date, the team is in a good position to create an integrated 
electrolysis-fermentation system and provide valuable data on overall performance.  

Weaknesses: Without a quantitative goal, the project lacks a clear target to focus all the efforts. The base 
case in the analysis on slide 10 shows 8 g ethanol/L/h. Based on the data on slide 23 (22.3 g/L/d CO 
consumed, 8.25 g ethanol), it seems that the current productivity is at ~0.3 g/L/h. There is no discussion 
of the gap or how it will be closed to make the system viable. The hydrogen sulfide (H2S) data do not 
show the timescale—i.e., how long does the electrolyzer have to be exposed to the impurity for the 
degradation to occur? If the experiments were performed with “pulses” of H2S, or the effects were 
assessed after very short time periods, there could be an underestimate of the sulfur liability. 

• The project put together a good, comprehensive team including industry partners. It was not clear how 
frequently the team met or how progress was tracked and technical issues resolved. The overall approach 
is well designed, with the team using a real-world gas and focusing both on the electrolyzer and 
fermentation. This comprehensive approach, along with bringing in industry partners, should increase 
the likelihood of eventual commercialization. One concern is the focus on improving microbe growth in 
the absence of a potential product. Although a synthetic pathway can be introduced into the improved 
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strain later, that strain would most likely need to be optimized again. Additionally, a team would have 
difficulty with a final TEA because they do not know what product they are making. The comprehensive 
investigation and inclusion of multiple industry partners increases the likelihood of commercialization; 
however, without the selection of a final product, it is hard to judge how impactful this work will be. The 
team seems on track to meet all milestones for the project. 

• This project integrates CO2 electrolysis and microbial syngas upgrading through partnerships with 
Dioxide Materials and LanzaTech. TEA was performed to determine key cost drivers. Adaptive 
laboratory evolution was also performed, and initial studies to show the tolerance of electrolyzers to 
minor contaminants were done. Overall, the initial project outcomes were positive and showed progress. 
One big gap will be batch matching between electrolysis and biocatalysis processes. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their constructive and supportive comments. We appreciate the support for 

the importance of integrating these systems and understanding the effects and possible mitigation of flue 
gas contaminates. With regard to the current microbial productivity, the TEA metrics reflect those 
achieved at scale in LanzaTech’s proprietary loop reactor. The presented data (~0.3 g/L/h) are merely 
reflective of current productivity in a batch, bench-scale, CSTR configuration, which has inferior gas 
mass transfer. Additionally, the biocatalyst employed here is a wild-type bacterium, whereas 
LanzaTech’s industrial process employs a metabolically engineered derivative, which has been 
optimized for high productivity. Our primary goal is to identify key genetic mediators governing optimal 
assimilation electrolyzer-derived gas streams, which can then be transferred to production hosts; thus, 
the project focus is primarily on CO uptake, as opposed to ethanol production, in part to avoid conflict 
with LanzaTech’s intellectual property portfolio and extant funding. CSTR versus loop differential: The 
latter is optimized for maximal gas-to-liquid mass transfer, which enables enhanced productivity (g/L/h 
production rate). Additionally, the loop reactor bypasses the necessity for impeller-mediated mixing 
which, in turn, decreases operating expenditures associated with energy inputs. We agree with the 
reviewer’s assessment that the optimization of strains in the absence of a target product would likely 
require further downstream optimization; however, as noted, our primary goal is to elucidate the 
biological mediators of CO/CO2 assimilation and a systems-level understanding of uptake mechanisms 
and resultant carbon flux. Thus, we hope to transfer this knowledge into an array of production hosts 
following the establishment of design principles.  

• The contaminants were not introduced to the electrolyzer in discrete pulses, but rather the cathode was 
continuously exposed to increasing contaminant concentrations, in 12-hour increments, during the 150-
hour experiment. For H2S, the CO production rate and CO selectivity decreased stepwise with increasing 
contaminant levels. The goal of these experiments was to investigate the contaminant levels at which cell 
performance decreased by 10%. Investigating the long-term cell performance on feedstocks with sulfur 
concentrations commensurate with flue gas is another important step to understanding how sulfur 
compounds degrade cell performance. Our recent, ongoing studies indicate that exposing the cell to the 
highest contaminant levels for only 12 hours did not have the same deleterious effect on CO production 
rate and CO selectivity as the longer-duration experiments presented. This suggests that the total 
contaminant exposure time in the Q1 experiments did play an important role in the performance loss. We 
would love to do 500-hour runs; however, those longer time frames are outside the scope of this project 
period. This is the last year of the three-year annual operating plan cycle, and we have proposed the 500-
hour runs for a continuation proposal. 
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NOVEL CELL-FREE ENZYMATIC SYSTEMS FOR CO2 CAPTURE 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
The goal of the project is to develop a low-energy 
CO2 scrubbing technology using immobilized 
thermotolerant carbonic anhydrase to accelerate CO2 
capture by solvents with low regeneration energy. 
Fast-reacting monoethanolamine CO2 absorption 
solvent requires high regeneration energy due to the 
high heat of absorption. Alternatively, more benign 
and sustainable solvents have a lower heat of 
absorption, but they react slower. Previous studies 
with bench-scale and pilot testing have proven the ability of carbonic anhydrase to accelerate CO2 absorption 
in alternative solvents in both dissolved-enzyme and immobilized-enzyme forms; however, process 
improvements are still needed to achieve energy reduction versus benchmark monoethanolamine. We are 
working on three parallel paths for (1) enzyme engineering to improve the enzyme robustness, (2) enzyme 
immobilization for process longevity, and (3) solvent evaluation for low-energy regeneration with the goal of 
improving CO2 capture efficiency. The ultimate goal of the project is to demonstrate the technology at bench 
scale and support TEA and LCA enabling 20% energy reduction compared to the monoethanolamine reference 
case (at 90% CO2 capture). This technology can be deployed to many industries that generate waste gases to 
capture CO2 from biopower, fossil-based power plants, and biogas production and to upgrade natural gas, 
biogas, and CO2 for revenues. 

  

 

WBS: 5.1.3.103 

Presenter(s): Adam Bratis; Min Zhang; 
Zia Abdullah; Courtney 
Payne; Jessica Krupa 

Project Start Date: 10/01/2018 

Planned Project End Date: 05/30/2022 

Total DOE Funding: $1,500,000 
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Photo courtesy of NREL 
 

COMMENTS 
• The management plan is clear and involves an industry partner. Roles and responsibilities of each 

investigator are clear. The multidisciplinary approach and the use of a current industrial enzyme make 
sense. Although this approach seems to have good potential, the team needs to do a better job 
benchmarking their process to current CO2 scrubbing technologies, in particular the economics of the 
process. The team has made good technical progress and seems on track to meet all project goals; 
however, it is not clear if they will meet the operating and capital-savings goal because no discussion is 
given. 

• The project is a strong collaboration between two universities and industry that combines the strengths of 
each organization. Although there has been a delay for unspecified subcontracting reasons, the project is 
currently on track to meet the end-of-project goal.  

Strengths: The team has made substantial progress on all three tasks, and the project is being managed 
effectively. The small-bench integrated carbon capture and sequestration (CCS) system provides critical 
data on performance under application-relevant conditions. The experiments with this system enable the 
team to assess whether the laboratory advances on the enzyme or immobilization work are achieving 
progress toward the overall goal. The initial results with the CCS show promise for the use of 
immobilized enzymes to improve CO2 capture.  

Weaknesses: It is unclear what the thermal stability requirement is for the immobilized enzyme. Given 
that the CCS testing indicates that an immobilized enzyme is required, it is important to clarify the 
temperature regime relevant for the immobilized enzyme to guide the engineering efforts. There was no 
information provided about how the enzyme is being immobilized and what strategies are being pursued 
to improve the durability and activity of the immobilized enzyme. The CO2 absorption efficiency 
measured in the CCS needs to be clarified to indicate how it translates into energy savings on CO2 
capture, which is the project goal. 

• This is a unique project in the BETO program focusing on carbon capture. Although it is different from 
other BETO projects in terms of scope, it fits into the BETO program. The project is based on the 
successes of previous work by the team, and it was not clear what breakthroughs were made from the 
past year’s study. Even with the improved longevity, it is not clear that it is sufficient (40% activity 
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retained at 90°C for 24 hours?). Many parts of this study are valuable for the future design of carbon-
capture systems, but it would be good to have a clear answer on whether cell-free enzymatic systems are 
suitable for carbon capture. 

• This project focuses on developing an enzymatic carbon-capture system based on immobilized carbonic 
anhydrase enzymes that operates with reduced energy requirements compared to current carbon-capture 
technologies. The project approach is divided into three tasks focusing on engineering enzymes for 
increased robustness, immobilizing enzymes and laboratory-scale testing, and testing solvent 
compatibility and bench-scale testing. The performers seem on task to meet the project’s performance 
targets. It is difficult to gauge the potential impact of this project because of a lack of TEA or 
comparisons with other state-of-the-art carbon-capture technologies, and incorporating such analyses and 
comparisons would substantially increase the project impact. 

• This project incorporated cell-free enzymes into liquid sorbent CO2 capture systems to reduce the energy 
needed for capture and release by 20%; however, this was a very preliminary study that showed only 
40% retained activity >24 hours and a rapid activity loss within 5 hours. Overall stability of the system is 
an issue. I do not think the project or technology area should continue. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank all the reviewers for their positive feedback by recognizing our strong collaborative efforts, 

and we appreciate the reviewers’ concerns on the suitability/stability of using cell-free enzymatic 
systems for carbon capture. One major goal of the project is to de-risk the technology by improving the 
process stability and efficiency via enhancing enzyme robustness for achieving high CO2 removal 
efficiency, which includes thermotolerance of the enzyme, solvent compatibility, and in-process 
longevity. We have made significant progress in improving the enzyme thermostability, we have 
developed effective immobilization methods, and we have identified relevant benign solvents. The 
operating temperature range for immobilized enzymes in the absorber column is between 40°C–60°C. 
Current carbonic anhydrase variants are showing stability up to 90°C, which will provide for minimal 
thermal degradation of carbonic anhydrase in the operating temperature range from 40°C–60°C. During 
the preparation and analysis of samples, laboratory evidence showed that after an initial significant 
activity drop, the leading enzyme candidate is remarkably stable at the 90°C condition. Considering that 
immobilization will allow the enzyme to be continuously reused, even an initial activity loss will be 
overcome by longevity in use. We are also in the process of investigating the reasons for the activity 
drop, and we will explore alternative enzyme production steps to mitigate this. When a solvent can 
capture more CO2 (higher capture efficiency), it will take less energy to regenerate the solvent (strip off 
the CO2) on a Joule/per CO2 mole basis. How much the improvement in capture efficiency versus energy 
penalty varies for each solvent system is strongly influenced by operating conditions, which is the reason 
we are proceeding to bench-scale testing in the validated reactor at the University of Kentucky Center for 
Applied Energy Research to obtain these important metrics. A general estimate is that a 10% 
improvement in CO2 capture efficiency will translate to a 10% drop in regeneration energy. A TEA will 
be conducted as planned in FY 2022 Q2, with comparisons made to current state-of-the-art CO2 capture 
systems to assess the impact of the technical improvement. 
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INTRODUCTION 
The Co-Optimization of Fuels & Engines (Co-Optima) Technology Area is one of 12 technology areas that 
were reviewed during the 2021 Bioenergy Technologies Office (BETO) Project Peer Review, which took place 
virtually March 8–12, March 15–16, and March 22–26, 2021. A total of 11 presentations were reviewed in the 
Co-Optima session by 7 external experts from industry, academia, nonprofits, and other government agencies. 
For information about the structure, strategy, and implementation of the technology area and its relation to 
BETO’s overall mission, please refer to the corresponding Program and Technology Area Overview 
presentation slide decks, which can be accessed here: https://www.energy.gov/eere/bioenergy/2021-project-
peer-review-co-optimization-fuels-engines.  

This review addressed a total U.S. Department of Energy (DOE) investment value of approximately $43.7 
MM, which represents approximately 6.3% of the BETO portfolio reviewed during the 2021 Peer Review. 
During the Project Peer Review meeting, the presenter for each project was given 30 minutes to deliver a 
presentation and respond to questions from the Review Panel.  

Projects were evaluated and scored for their project management, approach, impact, and progress and 
outcomes. This section of the report contains the Review Panel Summary Report, the Technology Area 
Programmatic Response, and the full results of the Project Peer Review, including scoring information for 
each project, comments from each reviewer, and the response provided by the project team.  

BETO designated Alicia Lindauer and, later, Trevor Smith as the Co-Optima Technology Area review leads, 
with contractor support from Robert Natelson (Allegheny Science and Technology). In this capacity, Alicia 
Lindauer was responsible for all aspects of review planning and implementation. During the post-review report 
writing period, Trevor Smith took over responsibility.  
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CO-OPTIMA REVIEW PANEL SUMMARY REPORT  
Prepared by the Co-Optima Review Panel 

INTRODUCTION 
The seven members of the 2021 Co-Optima Review Panel appreciate the opportunity to review the 
management, strategy, approaches, hard work, results, deliverables, and future directions across all of the 
projects included in this round that essentially build on and represent the numerous research-and-development 
(R&D) professionals (scientists, engineers, technicians), industry advisors, board members, university partners 
(professors, staff researchers, students), team leaders, administrators, contractors, bioenergy and vehicle 
stakeholders, and program and technology managers who have contributed to the success of this technology 
area during the last half decade. The Review Panel understands the significance and importance of our 
responses, commentary, and contribution to the overall peer review process. Further, our efforts are not taken 
lightly, realizing the seriousness of our comments to influence R&D directions within BETO and the DOE 
Office of Energy Efficiency and Renewable Energy (EERE) Vehicle Technologies Office (VTO). 
Consequently, we thank all of the DOE, BETO, and VTO technology managers, professionals, and sponsors—
in particular, Alicia Lindauer, Gurpreet Singh, Leo Breton, Kevin Stork, Michael Weismiller, Trevor Smith, 
Jim Spaeth, Colleen Tomaino, and Robert Natelson—for their training, patience, support, and guidance during 
the years. 

The combination of BETO and VTO cooperating on the Co-Optima initiative these past 6 years has greatly 
improved the state of the art (SOA) in fuel research and helped answered questions surrounding “What fuels 
should be made?” rather than “What fuels can be made?” The Co-Optima Technology Area is well designed, 
with both a clear scope of work and quantifiable metrics for success. The portfolio of projects has strong 
synergy among partners and lab consortium participants with no overlap. The technical links among projects 
are evident and combine well in pursuit of the technology area’s overall goals, which are to (1) identify neat 
fuel blendstocks with greenhouse gas (GHG) reduction potential greater than 60% relative to petroleum 
refining, (2) determine fungibility with traditional fuels at blend levels up to or greater than 30 vol %, (3) 
identify engine-fuel pairs for light-duty vehicle (LDV) fuel economy improvement (FEI) by 10% along with 
the remaining 25% FEI targeted from other DOE programs, and (4) 4% FEI for heavy-duty vehicle (HDV) 
applications. The 4% target for improving medium-duty vehicle (MDV)/HDV efficiency continues to be a 
challenge, with the higher efficiencies inherent to mixing-controlled compression ignition (MCCI) engines. 

The Co-Optima Peer Review was conducted remotely via the Zoom virtual meeting application this year due 
to the COVID-19 pandemic in-person restrictions and guidelines from the Centers for Disease Control and 
Prevention. Two 3-hour, afternoon sessions were held on 2 days: Monday, March 15, 12:15 p.m.–3:15 p.m., 
and Tuesday, March 16, 12:15 p.m.–3:45 p.m. Although this virtual format was quite different than the 
traditional meeting dynamics, the two sessions went very smoothly, and there was enough time for questions 
and answers (Q&As), and there was ample commentary from the reviewers. The first session highlighted the 
annual operating plan (AOP)-funded work of the Co-Optima national lab consortium on the following five 
topics: structure-property-processing relationships (SPPRs), bio-blendstock generation and testing (BBG&T), 
techno-economic analysis (TEA), life-cycle assessment (LCA), and the potential impact of at-scale 
deployment. The second session highlighted the funding opportunity announcement (FOA)-funded university-
level work on the following six topics: naphthenic biofuels for MCCI (State University of New York [SUNY] 
at Stony Brook), renewable fuel additives from woody biomass (University of Massachusetts Lowell), tailored 
bio-blendstocks for MCCI (University of Michigan-Ann Arbor), monomethyl ether and alcohol bio-
blendstocks for MCCI (University of Wisconsin-Madison), polyoxymethylene ethers (POMEs) as bio-
blendstocks for MCCI (Colorado State University), and renewable butyl acetate as diesel bio-blendstock 
(Auburn University). From the organization of the sessions mentioned, it is quite evident how well aligned and 
integrated both the university and national lab projects have become, which was part of the feedback provided 
from the 2019 Review Panel. 
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The Co-Optima team successfully completed the Fiscal Year 2020 go/no-go milestone, identifying at least 9 
blendstocks for multimode combustion with favorable economics, emissions, and efficiency. The team has 
identified at least 11 MCCI blendstocks as iso-alkanes, esters, and ethers that also offer similar benefits after in 
silico screening of hundreds of potential mixtures. Every key milestone reached in Co-Optima has resulted in 
dozens of recommendations for identifying potential blendstocks that ultimately influence the research 
directions across BETO. An impressive number of capstone reports have been published and are available for 
public download. From a technology area management point of view, the Co-Optima portfolio is very well 
run, with excellent oversight and a number of highly visible and high-quality deliverables. The initiative 
allowed for a good blend of fundamental science, chemistry, and modeling at the molecular structural level, 
with engine performance evaluation/validation at the application level. Co-Optima has brought together world-
class facilities and experts to advance the state of biofuel formulation co-optimized with advanced combustion 
modes to produce a lot of great science and engineering research direction. Co-Optima’s original strategy was 
born from the observation that certain biofuel properties (e.g., cetane number, octane number, heat of 
vaporization, soot potential), when tuned properly, could enhance the performance of engines from an 
efficiency and fuel economy standpoint. As the initiative winds down and commissions the task of handing off 
the portfolio of work to industry to commercialize, the future success of the co-optimized technology will fall 
on the private sector decision-makers and economic tides to drive this profound legacy forward.  

STRATEGY 
Advanced Combustion Mode and Fuel Candidate Pairing  
All of the projects appear to be aligned with the mission and objectives of the initiative, which involve 
identifying optimal fuel-combustion mode pairings that have a realistic chance of penetrating future markets 
by increasing fuel economy and reducing emissions. The strategy for carrying out this mission resonates 
clearly throughout the initiative and requires first (1) identifying all of the highly efficient, advanced engine 
combustion modes most likely to surface in the near term, such as multimode spark ignition and MCCI; (2) 
downselecting the most critical engine performance and operability parameters for combustion modes of 
interest (i.e., cetane number, soot index, phi sensitivity, brake thermal efficiency); (3) proposing and 
experimentally screening at multiple scales (lab, pilot, demonstration) a comprehensive list of fuel candidate 
molecules/blends derived from renewable processes that meet a tiered property specification; and (4) checking 
the level of market viability for top fuel blend candidates using stakeholder feedback, TEA, LCA, 
environmental impact modeling, and industry-accepted refinery planning tools. This well-designed, focused 
Co-Optima strategy allows for the rapid screening of a very broad range of fuel properties and related 
pathways while simultaneously reducing risk. Other expected outcomes include tangible benefits in process 
economics, information sharing, and bioenergy workforce impacts. Relative to traditional fuel development, 
the downselection of promising fuel candidates was accelerated by Co-Optima; however, the entire 
commercialization cycle continues to have minor hurdles limiting marketing penetration—namely, from a 
refinery, vehicle original equipment manufacturer (OEM), and socioeconomic standpoint. Thousands of 
renewable, neat fuel blendstock candidate molecules were screened by computer simulation techniques, 
eventually downselecting 9 for multimode LDV and 11 for MCCI HDV applications. The top multimode LDV 
renewable blendstocks are all oxygenates, primarily alcohols derived from processes with minimum fuel 
selling price (MFSP) <$5/gallons gasoline equivalent (GGE) and greater than 60% GHG emissions reduction 
relative to petroleum refining. The top 11 MCCI HDV renewable blendstocks include long-chain straight and 
branched paraffins (e.g., farnesene) along with widely accepted fatty alkyl esters (e.g., fatty-acid methyl 
esters). A mismatch in timing may be present with respect to advanced combustion regimes in MDV/HDV and 
the critical fuel properties needed to enable these regimes. Later projects to evaluate compounds that enable 
advanced combustion will be appropriate once the fuel properties have more clarity and definition.  

Flexibility and Response 
The Co-Optima initiative has demonstrated repeatably in both its technical and management flexibility by 
responding to stakeholder input and shifts in market technology acceptance and trends. The project team has 
always operated within a defined strategy in terms of technical targets and milestones, which originally 
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focused on emissions reduction and fuel economy gains for advanced engine combustion technology within 
both the LDV and MDV/HDV platforms. Recently, however, with the increased industry and consumer 
momentum toward vehicular electrification, the strategy was modified to reallocate more resources toward 
HDV applications. Whereas the original focus of Co-Optima was to use the unique properties of biofuels to 
enable more efficient engine optimization, the initiative has shifted more toward achieving GHG reductions 
from higher blend percentages of bio-blendstocks into fuels while mitigating any potential trade-offs to low-
temperature performance, sooting propensity, and energy density relative to conventional, ultra-low sulfur 
diesel (ULSD). The 4% target for improving MDV/HDV efficiency is still listed as a goal, but it seems 
debatable whether that is achievable within the focus of the research being pursued. The co-optimization 
approach of using fuel properties to truly co-optimize engine performance for MDV/HDV appears to have 
been de-emphasized, perhaps due to the inherently higher efficiencies of MCCI engines. From the OEM side, 
there appears to be less excitement about advancing bridging combustion strategies such as MCCI to market 
for HDV applications, which makes the larger technical leap to homogeneous charge compression ignition a 
more worthy objective. Regardless, the Review Panel believes this remains a relevant research area in the face 
of bullish electrification technology investment and policy, especially given the extensive timescale at which 
the fleet overhaul must transition.  

A research initiative such as Co-Optima could not produce such an appreciable number of insightful results 
and deliverables based solely on one type of funding strategy. The research area management has 
demonstrated their flexibility in funding by structuring the project portfolio in a well-balanced way that 
highlights high-risk, very early research, as well as more mature, development-ready efforts. The portfolio 
provides ample funding with a mix of AOP-, FOA-, and directed funding opportunity (DFO)-funded projects, 
as well as across the 1–3 technology readiness level (TRL) range. The funding levels have been commensurate 
to the work output and deliverables. Initially, Co-Optima was conceived as an AOP-funded, well-managed, 
and coordinated national lab consortium, and that founding premise continues to drive the bulk of the work 
effort. The diversity of competitive FOA-funded projects at the university level was not redundant or 
technically overlapping but instead focused on early-stage research, such as butyl acetate production via strain-
engineered fermentation and/or the algae biocrude synthesis and upgrading. The modeling and experimental 
research engine studies using surrogate fuels appear to be reasonable. Co-Optima funded these six targeted and 
diverse university projects that aligned well with the national lab-led research, which seemed to be a better 
approach than executing one large FOA with many different projects. Because of time constraints, the Review 
Panel was unable to hear from the seven DFO-funded project award recipients; however, a few of the 
highlighted partnerships, such as the one with LanzaTech, appear to be promising, allowing feedstock-type 
impacts to be examined at a higher TRL.  

Stakeholder Engagement 
The Co-Optima portfolio is well organized, and the path to full-scale vehicle technology adoption becomes 
more probable based on the extent of stakeholder engagement across the project teams. The external advisory 
board (EAB) and steering committee both help to ensure regular feedback to Co-Optima’s leaders and ensure 
course corrections are implemented within a timely fashion. Industry and stakeholder input were used in 
developing the strategy from the onset, particularly when octane and LDV efficiency were a major push; 
however, the shift to electrification may have reduced the level of industry engagement on passenger cars. 
Consequently, there may be a slight shift away or delay on the market transformation and implementation 
interests, making it less likely for Co-Optima fuels to make a near-term push into the market without 
significant federal intervention. There remains industry engagement on the HDV side, which was verbally 
conveyed by the project leaders; however, the details on which Co-Optima HDV research directions drew the 
most interest from OEM stakeholders and the viable pathways to commercialization from their perspective 
were not available. Information pertaining to HDV OEM input on short- to near-term, advanced compression 
ignition investment would be quite useful for the entire portfolio to understand. An example would be 
determining the techno-economic and volume forecasting impact of hybridization by heavy-duty OEMs and 
vocational vehicular applications during the next decade. 



2021 PROJECT PEER REVIEW 

 

610 CO-OPTIMIZATION OF FUELS AND ENGINES 

STRATEGY IMPLEMENTATION AND PROGRESS 
Strategic Alignment 
The research in the portfolio remains compelling in many ways and not necessarily as tightly tied to the 
original objectives of simultaneously co-optimizing fuels and engines. The focus appears to be more weighted 
toward fuel component identification, development, and blend-level maxima. For HDV engines, the reduction 
of sooting propensity—as demonstrated using single-component, neat mixtures—was promising work and 
must continue in order to evaluate the impact of these same components within a fungible, blended fuel matrix. 
Co-Optima’s BBG&T and Analysis of Sustainability, Scale, Economics, Risk and Trade (ASSERT) teams 
work well together by addressing which fuels to produce specifically for a particular combustion regime in 
mind and, further, how the proposed feedstock and conversion processes will affect TEA and LCA. This 
should be regarded as a best practice in this research area, especially as calculation methodologies become 
more standardized. The team should stay accountable to the tiered criteria downselection workflow, 
eliminating blendstocks that have been tried in the past or may not reasonably fit the application purpose. 
Some of the proposed ether and alcohol species may fall into this category and could be more suitable as fuel 
additives rather than high-volume, neat fuel commodities. 

Technical Leading Edge 
The Co-Optima portfolio showcased a number of results and deliverables that clearly pushed the SOA in the 
optimization of renewable fuel design for HDV engine applications and was not simply an exercise in 
repackaging familiar blendstocks to “fit” a combustion regime. The team provided several online tools 
available for free to the public. The online publication database houses all of the published work relevant to the 
Co-Optima portfolio along with a search bar to assist the public users. With the ALFABET online application, 
researchers can enter fuel molecules of interest by using a drawing tool or a SMILES string and bond 
dissociation energies via machine learning-derived-DFT are provided immediately. A group contribution 
method-based tool for the yield sooting index (YSI) was also developed. The team continues to attract more 
users each year to the Retrosynth tool on GitHub: https://sandialabs.github.io/RetSynth/.  

The work by the University of Wisconsin-Madison on developing fuel mono-ether and alcohols provided 
valuable results exploring the potential for upgrading ethanol as a premium MCCI blendstock. The final 
optimized bio-blendstock composition is designed to be rich in mono-ether compounds with high cetane 
numbers >90. The ability of these blendstocks to reduce aftertreatment light-off time by up to 15% has already 
been experimentally validated in single-cylinder engine runs. The team has already worked with hydrocarbon 
mixtures containing terpene oligomers such as farnesene and branched diesel-range paraffins to assess the 
impact on autoignition timing. Further, the group understands the importance of structure-performance 
relationships. The work with oxygenates involves exploiting the elegant Guerbet pathway, followed by 
dehydration to produce ethers and experimentally establish the kinetics and reactor operating conditions, 
complete TEA, engine testing, fuel property testing, and then model using fuel surrogates. The uncertainty in 
catalyst cost for the Guerbet coupling reactor that shows reasonable yields for hundreds of hours on stream was 
mitigated by using the Chemical Catalysis for Bioenergy Consortium (ChemCatBio) CatCost™ tool. The team 
understands that this work provides an alternative pathway for EtOH conversion, thus mitigating the future 
demand destruction related to LDV electrification. 

The goal of the Colorado State University project was to synthesize a new group of POMEs with longer 
terminal alkyloxy groups and perform MCCI engine testing with various blend matrices. These compounds 
have been previously identified in other BETO research as having viable production pathways from 
lignocellulosic material. The general approach of the project was to synthesize a family of POMES, develop a 
combustion kinetic model to help downselect, complete fuel property and engine testing, and provide the 
TEA/LCA. The team did a commendable job of developing the class of extended terminal alkyl POMEs. 
Further, the Polanyi-type of structure-property relationships (SPRs) presented were compelling and clear. The 
team was able to control dibutoxymethane and other targeted oligomer yields by tuning the direct organic 
synthesis pathway through the formaldehyde-butanol steps, avoiding any need for separation strategies 

https://sandialabs.github.io/RetSynth/
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downstream. The project team meets regularly with NREL to ensure that both POME research efforts remain 
complementary and synergistic, as reflected in the coauthored journal articles on the subject. The team 
leverages NREL’s facilities for synthesis, separation, ignition, and stability characterization resources. The 
characterization of these components will be significant to the co-optimized biofuel and engine design 
communities. 

The TEA/LCA collaborative project effort among Argonne National Laboratory (ANL), the National 
Renewable Energy Laboratory (NREL), and the Pacific Northwest National Laboratory (PNNL) provided a 
clear framework for analyzing and downselecting biofuel processing pathways with co-optimization potential. 
The analysis developed through this project fulfills a crucial role for Co-Optima by narrowing the technology 
area’s focus down to only the most cost-effective and climate-friendly blendstocks. The team produced TEA, 
LCA, and scalability screening results of 13 pathways to produce 9 bio-blendstocks for MCCI and 12 
pathways to produce 10 bio-blendstocks for multimode. The team identified 11 blendstock candidates for 
MCCI, all with cetane numbers >40; GHG emissions reductions >60%; and acceptable cloud point, pour point, 
and freeze point. The team demonstrated how a variety of environmental and sustainability measures other 
than carbon intensity can be used effectively to downselect fuel candidates. Further, the team has developed 19 
metrics covering costs as well as environmental impact and technology readiness, which aligns well with 
BETO’s goals and missions. The approach has a significant, thorough criteria for fuel candidates to overcome 
in order to be considered for implementation. The team understands how thorough, challenging decision 
criteria will help guide R&D decisions and resource management within BETO by identifying low-cost, 
scalable, implementable fuel candidates. One key project management strategy uses a multilayered quality 
assurance approach for maintaining high credibility and consistency across results by using proven, widely 
accepted tools, such as the Greenhouse Gases, Regulated Emissions, and Energy Use in Technologies 
(GREET) model to perform LCA for all pathways or the Global Trade Analysis Project-Bio (GTAP-Bio) 
model to estimate the impact on land use change (LUC), such as blendstocks derived from soybean and cuphea 
oil. Several publications dealing with the TEA/LCA for various pathways in the production of both multimode 
and MCCI blendstocks will emerge soon from the team.  

The coupled in silico and experimental approaches for accelerating the studies elucidating SPPR across 
molecular classes of blendstock candidates has been crucial for Co-Optima. This work is a highly effective, 
multi-lab collaboration among PNNL, NREL, Oak Ridge National Laboratory (ORNL), Sandia National 
Laboratories (SNL), Lawrence Berkeley National Laboratory (LBNL), Los Alamos National Laboratory 
(LANL), and Idaho National Laboratory (INL). The publicly available models and information developed by 
this team are some of Co-Optima’s potential longest-lasting impacts to the biofuels community. The team has 
already proven that their approach can identify viable fuel candidates. One branched long-chain alkane, two 
ethers, and four dioxolane compounds were identified computationally and verified experimentally for passing 
Tier 1 property specs. Overall, the work of screening hundreds of species by combined computational and 
experimental tools and selecting a few with the help of novel approaches is a strong approach that is capable of 
accessing the impact of slight molecular structure changes on properties such as cetane number, YSI, research 
octane number (RON), and motor octane number (MON). Twenty compounds with RON >98 and S >8 were 
identified, and nuclear magnetic resonance (NMR) chemometric models were developed. The rapid 
compression experiments helped determine lower-branched long-chain alkenes as target molecules for 
increasing phi sensitivity. This team did impressive work developing high-throughput computational tools for 
assessing the relationship between phi-sensitivity and functional group structure and in conducting 
experimental validation of SPRs for >80 blendstocks. 

Visualizations were provided illustrating molecular classes broken down into functional group arrays 
correlated against actual properties, such as cetane number versus POME type or YSI versus alkyl chain length 
and oxy-alkyl density, thus enabling advanced biofuel design engineering at the molecular structural level. The 
team has made notable progress toward developing SPPR tools for blends, such as RON and sensitivity 
correlations with ROH structure for alcohol mixtures, branched alkene structure versus phi-sensitivity for 
complex olefin mixtures, and olefinic alcohol structural impacts on RON at various blend levels up to 50 vol 
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%. Additional SPPR tools rooted in NMR are being developed to assist in characterizing complex mixtures. 
The team has demonstrated with several fuel candidate classes—such as iso-olefins mixtures, the olefinic 
alcohols, and the POMEs—how to work backward through the process and pathway to inform and make 
recommendations regarding the optimal biomass feedstock candidates. 

The BBG&T team continues to be a key pillar within the Co-Optima management strategy enabling sufficient 
volumes of high-performing, novel renewable fuel candidates to be produced and evaluated. This successful 
multi-lab effort is a collaboration among PNNL, NREL, ORNL, SNL, LBNL, LANL, and INL and works 
closely as an integrated partner in the TEA/LCA and SPPR projects. The team was able to scale up 
hydrothermal liquefaction (HTL) bio-oil, obtaining gallon quantities from sludge and algae feedstocks that 
passed Co-Optima Tier 1 specifications. This was a notable achievement, indeed. The project provided 
important results on polymer compatibility for the dioxolane fuel class. N-butoxyheptane was generated in 
continuous liter quantities, dramatically improving the scale of material originally produced in the small, batch 
synthesis runs. Further, storage stability experiments were performed, drastically improving the future 
marketability. This capability of being able to produce suitable quantities of bio-derived fuels for bench and 
engine testing is an important aspect of the BBG&T team, particularly given that many of these candidate fuel 
pathways do not have existing scalable processes to produce or procure fuels. The BBG&T effort worked on a 
number of different fuel pathways, ranging from iso-olefins for light-duty, HTL bio-oils and iso-alkanes from 
food waste and dioxolanes, which were a new class of fuel oxygenates. The team generated eight HDV 
blendstocks that performed better in soot and nitrogen oxides (NOx) emissions testing relative to a certified 
diesel. The team deserves recognition on this work and on the polymer compatibility work. In general, high-
potential blendstocks—such as POMEs and HTL-derived fatty acids—were chosen based on both SPPR and 
TEA/LCA inputs exploring water solubility and feedstock cost, respectively. The team has already partnered 
with at least five private companies to develop new fuels. Although the nature of these relationships and 
expectation of outcomes were not disclosed, this is an important step in the right direction, along with 
completing work at the 20%–30% blend levels. 

Research Directions and Outlook 
Overall, the Co-Optima team should be proud of all the deliverables and accomplishments over the years 
enabling critical research decisions to be made all the way upstream to the biomass conversion portion of the 
BETO value chain as well as sparking and inspiring innovation at the engine OEM level, for instance, with the 
ducted fuel injection (DFI) concept proposed by ORNL. The Co-Optima team has been able to uncover critical 
molecular SPR and structure-performance relationships for an appreciable number of potential fuel candidates. 
The major objectives of the initiative have already been reached, and the next stage involves more in-depth, 
direct communications with vehicle OEMs, particularly focused on the transition, interim period during the 
LDV fleet electrification overhaul. It is quite evident that the majority of the critical considerations that go into 
designing new fuels and managing their corresponding molecular profile—both upstream and downstream, all 
the way to the fuel pump—are well understood by the team. This significantly increases the likelihood of 
successfully packaging a co-optimized technology ready for adoption and market penetration when coupled 
with the right external OEM stakeholders and influencers. Despite the need for improved participation with 
key OEM stakeholders, Co-Optima has a positive, optimistic, post-sunsetting outlook and represents the type 
of R&D where government support is most effective and needed. In fact, some of the key learnings emerging 
from the initiative may be applied to marine and locomotive applications. Co-Optima has clear goals, technical 
targets, and an adequate project structure that empowers team members to continue to explore, expand, and 
maybe even spin off into new commercial R&D entrepreneurial efforts. The federal funding level and 
mechanisms were quite adequate to enable the significant achievements reached so far and moving forward. 
Additional private funding along with the right automotive OEM or consortium of automotive OEMs could 
take the initiative’s mission to new heights, focusing more on the engine technology/tuning side of things. The 
management team has done a good job assembling a portfolio of cutting-edge project ideas and research 
personnel across academia and national labs, and as the initiative concludes, the future directions and plans on 
commercialization and implementation should be laid out with the same rigor and discipline in order to 
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completely realize the co-optimized engine hardware-fuel pair return on investment for the public at a higher 
TRL. Most of the investment has already been returned to the public as free online optimization 
tools/programs/algorithms, publications (>120), presentations, webinars, listening days and patentable 
concepts such as DFI, and novel fuel blends and biofuel pathways. The consistent modeling approach and 
extrapolation of TEA and LCA models have allowed many diverse pathways to be assessed on an equal 
footing. The sum findings of Co-Optima and the publicly available tools developed therein should be utilized 
for years to come by wise researchers seeking ways to make fuel blendstocks that are attractive across the 
vehicle OEMs, traditional refining, and bioenergy communities.  

For LDVs, the Co-Optima leadership has been quite clear with external stakeholders on how RON, sensitivity, 
and heat of vaporization are key properties for multimode combustion applications along with alcohols, iso-
olefins, and alkyl-furans as the molecular classes with the highest potential. Currently, the team has a major 
communication campaign ongoing across the United States as well as the international community within 
Europe, Asia, and Latin America (e.g., the Latin American Energy Organization, or OLADE), informing the 
public about key research findings.  

The team’s leadership acknowledges that for HDV vehicle applications, MCCI engines and the required liquid 
biofuel options will likely be around for a while because electrification will be difficult, so the Co-Optima 
research premise and direction can still make an impact for the near- and mid-term future. The stated 
objectives for MDV/HDV have pivoted somewhat away from achieving a 4% efficiency gain and are more 
focused on emissions reductions, addressing any barriers associated with increased blend levels, and 
minimizing the trade-off in decreased engine performance, as defined under ASTM D975, for clean distillate. 
When looking across the key fuel properties, two parameters—sooting propensity and cetane number—appear 
to be the most promising in terms of proposed co-optimized fuel candidates that bring a technical advantage 
beyond conventional, clean ULSD. Energy density, though interesting, seems like a much greater challenge to 
increase beyond traditional petroleum-diesel blends. The whole Co-Optima portfolio showed an impressive 
level of alignment on the HDV strategy moving forward. The national lab consortium remained on the same 
page, and the university-funded projects all discussed fuel synthesis strategies for MCCI engine applications. 
Most of the university projects were looking at various molecular classes and fuel components that are 
interesting, leading-edge candidates, such as POMEs and esters. The BBG&T project and university FOA 
recipients proposed new types of compounds and mixtures based on the findings within the Co-Optima 
community. This demonstrates the benefits of early research already being realized by generating fuel 
materials that make technical sense and are not just convenient from a commercial supply chain standpoint, 
which is a good sign for the future direction and outlook. For example, the University of Wisconsin-Madison 
team will extend the single-cylinder metal engine experiments beyond single-fuel components to 
multicomponent complex mixtures balanced with ULSD. These complex-blend recipes will also include the 
mixed-olefin/ether dehydration reactor effluent as well. A similar ULSD blending strategy will be pursued in 
the near future by the Colorado State University team looking at the impact on YSI, oxidation stability, and 
autoignition experimentally and through nonlinear modeling techniques. Other university research efforts with 
accelerating engine testing using mini rapid compression machines will continue to be important for the future 
outlook of Co-Optima. 

For getting impactful research done in this area, independent, isolated work on combustion mode or novel 
fuels characterization alone would have hindered the effort. It was very important to integrate both the engine 
and fuel candidates into the same initiative, which Co-Optima has accomplished with a strong management 
structure. It is almost like having a commercial fuel manufacturer and an automotive OEM housed within the 
same technical department, which is powerful and unique. The Co-Optima initiative is a very successful 
endeavor—from the way the projects are managed, to the research topics, results, and deliverables. The project 
was built from a solid premise rooted in optimization for maximizing engine efficiency and emissions 
reductions, which is exactly a critical task for powertrain development groups in most vehicle OEMs. The 
team has managed to propose blends that can achieve >60% reduction in GHG emissions and lower than 
$5.50/GGE MFSP, which is a remarkable achievement. The outcomes from this work, if implemented properly 
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in the future, will potentially solve the greater transportation emissions issue. The team continues to broaden 
its reach across the biofuels industry, sharing results/opportunities/challenges and seeking input and feedback 
from, and conversation with, various producers of all sizes, maturity, and feedstock diversity. 

RECOMMENDATIONS 
The Review Panel believes that many project efforts were negatively impacted and hampered due to COVID 
and, as a result, remains sensitive in our recommendations to this situation with respect to the goals, 
expectations, outcomes, and progress toward milestones; thus, the following list of recommendations for 
further improving the exceptionally successful Co-Optima Technology Area were thoughtfully compiled. 

Recommendation 1: Continue a small LDV research footprint.  
The LDV/multimode research tasks should not be stopped completely without ensuring that proper 
dissemination of results is accomplished to various regions around the globe where electrification may take 
longer to take off and where internal combustion engines will remain the dominant on-board power plant. If 
the anticipated 10% FEI gains across these trailing regional markets around the globe are realized, then the 
impact will translate to a nontrivial quantity of GHG abatement while the energy transition takes place. When 
coupled with additional GHG reductions from the biofuel itself, it is still an attractive option for certain 
markets. The leadership team should firmly identify the markets that companies and fuel producers are still 
targeting for light-duty engines with downsized boosted, multimode, or advanced compression ignition (ACI) 
strategies that could take advantage of the Co-Optima research learnings. Once these markets are identified, 
key information should be shared in partnership to advance the LDV engine technology. In short, the Review 
Panel agrees that co-optimized fuels still have a place in the LDV electrification future. 

Recommendation 2: Go beyond ULSD parity.  
The goal is to truly optimize the fuel to the combustion mode and not simply to develop MCCI blendstock 
candidates that only measure up to traditional reference ULSD, which is really Tier II screening. For instance, 
in what way can cold-flow properties be optimized for MCCI operation that is beyond ULSD specifications? 
Although the project teams have done an excellent job of responding to the previous Peer Review Panel 
recommendation, “Validation work should continue along with benchmarking against traditional hydrocarbons 
currently being produced in the refinery to establish precision and accuracy metrics,” more work must be done 
with ULSD blends at appreciable blend levels to continue proving out fungibility, moving past surrogate 
blends, because cross-interactions are not trivial in complex fuel mixtures. It is expected that these will be 
common blends because future retail customers will have various types of ULSD mixtures in their fuel tanks. 
This was also mentioned in a recommendation from the last peer review, “The Bio-Blendstock Generation 
project team should keep expanding their fuel generation scope within the targeted viable biomass-derived fuel 
candidate classes by considering blends made up of alcohols, alkanes, and ethers together along with 
commercial hydrocarbons to form a true fuel matrix. Pure-component data are only good to an extent for 
extrapolation to the blending values, which is what really matters.” The SPPR and TEA/LCA teams must 
continue developing predictive tools for blends that incorporate ULSD in the recipe, building off the single-
component experimental evaluations. Further, the geographic distribution of the well-characterized, 
opportunistic feedstocks required to optimize the processing of these complex, co-optimized, ULSD-based 
MCCI blends must be understood.  

Recommendation 3: Enhance BETO/VTO future funding announcements.  
The deliverables from the Co-Optima initiative can serve as a prism to include co-optimization-type 
solicitation criteria elements for future BETO FOAs with fuel deliverables. For example, principal 
investigators (PIs) could be asked to specifically address how any proposed final liquid fuel blendstock 
produced will pair with a particular engine combustion mode (e.g., traditional spark ignition, compression 
ignition, ACI, multimode, MCCI, or homogeneous charge compression ignition) based on predicted properties 
(e.g., boiling point, cetane number, octane number, freeze point, pour point, viscosity, oxidation stability) and 
other key engine performance metrics. If the proposed fuel blendstock is completely novel, then fuel property 
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predictions can be accomplished with the online tools developed by Co-Optima (e.g., Fuel Property Database, 
Feature Creature), which can be included as part of the standard calculations for submitted proposals along 
with any tutorials or training webinars available to applicants. This strategy would increase the number of 
high-quality applications submitted for scalable, fuel blendstock pathways that lead to commercial end use.  

Recommendation 4: Renew and maintain the BETO/VTO collaboration and lab consortium 
relationships.  
Because the Co-Optima initiative has proven to be successful, a second-generation collaboration between 
BETO and VTO may be appropriate in the future. After current advanced combustion regimes in the 
MDV/HDV space have had time to mature and more of the critical fuel properties that enable MDV/HDV ACI 
are elucidated and further developed, future interties among fuel properties, engine performance, conversion 
processes, and their economic and environmental impacts can be considered again simultaneously; thus, maybe 
a new, rebranded, Co-Optima-like initiative or a program in 3–5 years to address developing metrics needed to 
co-optimize existing fuels with MDV/HDV ACI engines should be considered. If these metrics were currently 
well understood, a continuation of Co-Optima today would make sense, but it is time for the engine OEM 
community to contribute to the optimization work. In the current situation, it makes sense for VTO to focus on 
deciphering the critical advanced combustion properties/metrics and how to measure them. Meanwhile, it 
makes sense for BETO to focus on improving the processes for manufacturing high-performing fuel 
blendstocks using cost-advantaged, available feedstocks. To maintain momentum, an annual or biannual 
meeting/reunion/special topic (e.g., Society of Automotive Engineers, American Institute of Chemical 
Engineers, TCBiomass, Biofuels Information Center) for the Co-Optima researcher community should be 
coordinated to gather and discuss current progress in advanced engines and conversion technologies. It may be 
possible to spin off an independently funded consortium focused on fuel engine co-optimization. 

Recommendation 5: Standardize and publish TEA/LCA methodologies.  
One point of concern was the potential for inter-project TEA/LCA inconsistency in the treatment of different 
bio-blendstocks, particularly with some of the smaller, more focused projects. In the future, it may be helpful 
to work more closely with project teams to determine the intended final use of a bio-blendstock. Although 
some products may be well suited to fuels, some may be better used as specialty additives produced in smaller 
quantities, and thus would have a different small-volume, high-margin value to refiners. In the past, the Co-
Optima analysis team has run workshops to help FOA awardees with this expectation, and this practice should 
continue in support of BETO. Possibly, at the first verification meeting, the TEA/LCA methodology can be 
confirmed based on a standard design basis (i.e., 200 mtpd or 100 MM gal), including basic bins/categories 
covering regional incentives, resource availability, scalability, and conversion costs. This is particularly 
important for molecules identified as additives rather than fuels. For example, a cetane improver may have 
different LCA implications and economic value when compared to a similar reference fuel. The team must 
continue to ensure consistent application of assumptions for economics and LCA across a very diverse set of 
conversion pathways and feedstocks to ensure comparative parity, which is why there must be continued focus 
on publishing results in peer-reviewed journals and reports while making models available to the biofuels-
engine community. The team has done a comprehensive task of evaluating GHG emissions of different blends. 
There are also opportunities to understand fuel terminal blending optimization versus refinery blending 
implementation, which may give co-optimized fuel candidates more chances of success, as well as packaging 
small-volume, niche fuel candidates as novel blend components to existing fuel additive packages. 

Recommendation 6: Promote a co-optimized, low-hanging solution to a global, critical 
combustion problem.  
The consortium should consider marketing the solution to one specific combustion problem that can translate 
into a rapid, viable market adoption response based on market pull at relevant scale (e.g., “ultralow carbon bio-
blendstocks that reduce particulate matter through improved sooting performance”). By focusing on one 
solution to a critical, big problem such as particulate matter along with the corresponding synthesis pathway 
with cradle-to-grave verification, the right international investors and partners may be attracted to open the 
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door at the next scale. Unfortunately, the Co-Optima targets are not necessarily set to drive technology 
adoption in the real world absent other policies, particularly on a relevant time horizon where novel bio-
blendstock synthesis pathways become widely available within a potentially heavily electrified future.  

Recommendation 7: Prepare strategic scenario plans and publish gaps.  
The team should continue to strategize on cradle-to-grave co-optimized solutions that could be robust in the 
market based on various future scenarios for crude oil and fuel prices. The TEA targets are based on prior 
BETO targets that may not hold up in the imminent, highly electrified future. Although it may be hard to 
envision co-optimized solutions at this juncture that have an extremely competitive cost point, at least 
documenting the gap through this research and publishing to inform policy will be important. The team should 
consider whether the strategy should be maximizing GHG displacement by increasing blend volumes at 
potentially uncompetitive prices, producing high-value, neat additives, or co-processing. The scenario 
modeling should continue to emphasize the positive benefit on job growth and economic development benefits 
from investing in this technology over the long run. 

Recommendation 8: Continue to strengthen stakeholder engagement, feedback, and 
listening.  
It would be helpful to share results from industry engagements in the Co-Optima overviews. The team 
responded well to the last 2019 Review Panel recommendations on EAB composition: “Better leverage the 
industry, environmental, and technical expertise of the EAB. Review the composition of the EAB to ensure 
relevant stakeholder industries and sciences are represented.” The 2021 Review Panel recommends that even 
more visible stakeholder involvement should take place, particularly with engine manufacturers’ 
representation. Further, the fuel producer presence, both bio-based and conventional, was smaller and more 
marginal than what would have been desirable. This was also stressed by the last Review Panel: “Increase 
engagement with the fuel additive manufacturers … and other relevant stakeholders (such as potential biofuel 
producers beyond the existing supply chain of fossil fuels and blenders) for the purposes of resources, 
perspective, and risk mitigation: To study fuel impact on lubricants, ignition improvers, etc., use the additives 
companies’ engine dynamometer facilities. …” This last round of Co-Optima initiative was heavily weighted 
on fuel development and less on engine tuning. The Co-Optima initiative can continue to facilitate more 
coordination between university and national labs, possibly supporting student and postdoc internships and 
moving this research into a strong workforce development model. 

Recommendation 9: Update and maintain public, online modeling tools and resources.  
In the future, the team can continue to bolster the computer modeling resources supporting both fuel molecular 
design and engine design/operation with more emphasis on near-term hardware modifications, possibly 
inviting more non-U.S. OEM input. The team should continue to define what makes a reasonable MCCI 
blendstock and suggest a finished mixed-component, complex blend along with a true, published specification 
in the future. The use of high-throughput screening, predictive computational tools, and machine learning 
algorithms for developing all of the SPPR tools in Co-Optima were very valuable research deliverables and 
should continue to be developed and maintained. The researchers should promote the use of more molecular 
engineering visualizations and diagrams that denote co-optimized “sweet spots” in reference to traditional fuel 
blends (e.g., hydrocarbons, alcohols, and ethers). Hopefully, the team will continue to develop the 
computational fluid dynamics (CFD) modeling and finite element analysis tools within Co-Optima because 
there could be more hidden-property synergy or new combinations of various fuel properties that are even 
more important descriptors for characterizing MCCI performance than the current set related to ULSD 
properties.  

Recommendation 10: Continue investigations into fuel stability.  
Specialized stability tests should also be considered in addition to standard ASTM methods for candidates such 
as certain functionalized ethers. Although not as scientifically elegant, the ongoing work on polymer 
compatibility must continue to improve opportunities for market adoption. Issues such as the formation of 
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peroxides during storage should be considered, and the complex modeling effort should accompany this work. 
The team may need to develop a special fuel additive with a supplier and/or adjust ASTM criteria accordingly. 
Practically, the issue of stability can often be solved by working with well-known additive suppliers, but it is 
quite possible that bio-derived antioxidant could be synthesized or extracted from one of the existing BETO 
pathways to help stabilize these fuels. Alternatively, the team could develop an oxidation stability analytical 
standardized method that is more suitable for these types of mixtures. Stability testing will be key to this new 
class of fuel candidates (e.g., dioxalanes), especially when generating large quantities of material in the future. 

 

 

CO-OPTIMA PROGRAMMATIC RESPONSE 
INTRODUCTION 
BETO sincerely thanks the Review Panel for their time, active engagement, and review of the Co-Optima 
portfolio. As publicly announced in DOE’s FY 2022 Budget Request to Congress, FY 2021 is the final year of 
funding for Co-Optima. Though funding to support Co-Optima work at the national laboratories will end, there 
will be continuing activities. All the competitive awards will continue as planned, until closeout, using funds 
appropriated in previous years. Additionally, there are approximately 10 new DFO projects that began in 2021. 
The DFO projects are led by Co-Optima PIs at the national laboratories who are leveraging the capabilities 
developed from Co-Optima to work with companies on specific industry needs. The DFO projects will last 
about 18 months. Nevertheless, the core Co-Optima work at the national laboratories will be ending at the end 
of FY 2021, after 6 years of tremendous efforts from more than 100 engineers and scientists. So, at this 
juncture where Co-Optima is sunsetting, BETO will carefully reflect upon the recommendations of the Review 
Panel on how to best ensure that the outcomes of Co-Optima research have wide impact for the United States.  

BETO appreciates that the Review Panel understood the difficulties in BETO’s ability to focus on mid-TRL 
R&D to address rapidly changing trends in the transportation sector, including changes in technology 
deployment, market acceptance, and policy. A few years ago, stakeholder feedback indicated potential 
technology deployments in the increased use of turbocharging (which aligned with using fewer cylinders and 
“lightweighting”). This feedback made the Co-Optima goals for high-octane fuels in LDVs seem reasonable 
and appropriate. More recent trends, including the increased development of and demand for electric vehicles 
as well as policy developments in the Renewable Fuel Standard and the Corporate Average Fuel Economy 
regulations that reduced demand of certain biofuels, have all played roles in how the transportation sector has 
rapidly evolved. Co-Optima worked to address these trends with its re-scope on more work toward MDV and 
HDV fuels and vehicles, as opposed to the LDV sector.  

BETO agrees with the Review Panel’s assessment that the original Co-Optima goal of 4% energy-efficiency 
improvement for MDV/HDV may be difficult to achieve. Note that the Co-Optima effort still has several 
quarters of work to complete after the peer review meeting, and much of the work in MDV/HDV energy-
efficiency improvement relies on the work of the VTO portion of Co-Optima, which was not presented at this 
BETO Peer Review. As explored during this BETO Co-Optima session, improving energy density through 
bio-blendstocks is a difficult task, and it is perhaps more likely that the performance advantage of bio-
blendstocks for MDV/HDV will be properties such as reduced sooting propensity and reduced energy penalty 
of the aftertreatment system. For example, such observations could be seen in the ether-based bio-blendstock 
work supported by Co-Optima. The ether-based bio-blendstocks tend to have reduced energy density but also 
reduced sooting propensity. Nevertheless, there may be some opportunities for increasing energy density with 
bio-blendstocks, particularly in naphthene-rich bio-blendstocks that can be produced by pyrolysis and other 
conversion pathways. There may even be untapped synergies in bio-based naphthenes that arise through other 
BETO work. Specifically, a new BETO effort on sustainable aviation fuels (SAFs) has identified naphthenes 
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as a key component. Work on biobased naphthenes is accelerating across the BETO portfolio to address this 
demand for SAF. There may be synergies where that SAF work crosscuts into work for improved naphthenes 
for MDV/HDV fuels. Also, there may be examples where conversion pathways, targeting bio-based 
naphthenes for SAF, also produce side streams that do not meet the stringent jet fuel requirements but could 
meet qualifications as MDV/HDV fuels. In summary, biofuel conversion selectivity to SAF is unlikely to be 
100%, so BETO and biofuel producers would be smart to continue understanding the market demands in the 
MDV/HDV ground transportation sector for additional synergies and opportunities. 

Recommendation 1: Continue a small LDV research footprint. 
As publicly announced in DOE’s FY 2022 Budget Request to Congress, DOE EERE is seeking to decarbonize 
all transportation modes, including road, air, sea, and rail. As such, the DOE strategy for LDV is reliant on 
VTO to reduce the cost of electric vehicle battery cells to the point where electric vehicles reach cost parity 
with combustion vehicles by 2030; therefore, BETO is pivoting away from the LDV sector and instead toward 
other sectors that will be more difficult to decarbonize. Nevertheless, BETO reminds the Review Panel that 
even as BETO pivots to MDV/HDV, SAF, marine, and rail, conversion processes will inevitability produce 
side streams of hydrocarbons in the lower boiling range that could find value in the LDV sector. So, it is safe 
to say that BETO will continue a small LDV research footprint.  

Recommendation 2: Go beyond ULSD parity.  
BETO agrees in advancing beyond parity with ULSD. To reiterate, the Co-Optima competitive projects 
presented at the 2021 BETO Project Peer Review were selected from the FY 2018 Advanced Vehicle 
Technologies Research FOA, Area of Interest 5b: “Bio-Blendstocks to Optimize Mixing Controlled 
Compression Ignition (MCCI) Engines.” These projects were required to focus on researching and developing 
bio-blendstocks that could improve at least two of four properties of the finished fuel (energy density, sooting 
propensity, cetane number, and cold weather behavior); therefore, this work is focused on improving the 
properties of diesel fuel. 

BETO takes note of the Review Panel’s recommendation to carefully consider blending proposed bio-
blendstocks into fuel markets. BETO acknowledges that the FY 2018 FOA required bio-blendstocks that could 
meet 5% blending levels with petroleum fuels. In order for BETO to meet the new demands to rapidly 
decarbonize, as addressed in DOE’s FY 2022 Budget Request to Congress, BETO will need to strategize not 
simply on blending but also on biofuels that could be 100% replacements to ULSD in the longer term.  

Recommendation 3: Enhance BETO/VTO future funding announcements.  
BETO agrees that leveraging Co-Optima learnings could be helpful for future FOAs. At present, BETO 
typically requires applicants to plan and assess a pathway for ASTM approval of biofuels (e.g., see the FY 
2021 BETO Scale-Up and Conversion FOA DE-FOA-0002396, Topic Area 1: Scale-Up of Biotechnologies 
Overview). The Co-Optima team at BETO will work with BETO and VTO colleagues to seek opportunities in 
adding more specific language for future funding announcements. This will ensure that the Co-Optima results 
have a broad impact. 

As BETO pivots to an SAF strategy, there will be new opportunities for including fuel approval requirements 
in funding announcements. For example, ASTM D4054 Standard Practice for Evaluation of New Aviation 
Turbine Fuels and Fuel Additives now includes fast-track pathways where proposed new SAF candidates can 
follow a faster approval process requiring less testing if the molecules possess chemistries and properties 
similar to an approved SAF. As ASTM and the fuel qualification community at large become increasingly 
familiar with these new biofuels through the SAF fast-track process, there may be synergies where all 
stakeholders can also rapidly familiarize themselves with new MDV/HDV biofuels. 
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Recommendation 4: Renew and maintain the BETO/VTO collaboration and lab consortium 
relationships.  
As the transportation sector rapidly electrifies and decarbonizes, the BETO/VTO collaboration will be difficult 
to maintain within the same structure, but there may be new opportunities for collaboration. 

BETO agrees with the Review Panel that advanced combustion technologies need to mature, at which time 
BETO could possibly renew efforts to evaluate fuels for these combustion technologies. BETO agrees with the 
Review Panel that the OEMs need to contribute greater efforts on fuel engine co-optimization work to provide 
market pull. BETO highlights the new publicly announced Co-Optima DFOs where the national laboratories 
will work with several OEMs; for example, ORNL will be working with Cummins, and ANL will be working 
with Caterpillar. BETO thanks the OEMs for taking these critical steps in collaboration. 

Further, there may be new opportunities for BETO/VTO collaboration. In VTO’s section of the FY 2022 
Budget Request, VTO mentioned activities for MDV/HDV with integration of hybrids and plug-in hybrid 
powertrains. There may be opportunities for BETO to explore biofuels best suited to perform in hybrid 
powertrains in the MDV/HDV sector as these technologies mature. 

Recommendation 5: Standardize and publish TEA/LCA methodologies.  
The Co-Optima team at BETO will work with BETO’s Data, Modeling, and Analysis program to ensure that 
the Co-Optima results will continue to have an impact. Often, it is difficult to compare technologies across the 
various TRL ranges, and TEA/LCA methodologies are continually being updated to provide clarity in 
assumptions, identifying risks and knowledge gaps while providing a measure of progress within the research 
areas.  

BETO would also like to comment that all projects in the FY 2018 FOA on MDV/HDV bio-blendstocks are 
required to perform TEA/LCA. Because these projects are still in the middle of their schedules, the TEA/LCA 
is still in progress. Due to the work still being developed and due to time constraints in presenting at the Peer 
Review, the Review Panel may not have had the opportunity to fully appreciate the TEA/LCA work that is 
underway. The purpose of this TEA/LCA is not to compare projects against each other; however, one purpose 
is to provide information to the project itself during the project lifetime to aid the experimentalists’ decision-
making and then, once the project is complete, to provide information to potential external stakeholders. 

Recommendation 6: Promote a co-optimized, low-hanging solution to a global, critical 
combustion problem. 
Solving a global, critical combustion problem requires a tightly focused solution offering single-purpose fuels. 
For example, the first-generation corn starch ethanol industry came together and offered a high-octane fuel 
solution to the LDV sector when it was found that methyl tertiary butyl ether and ethyl tertiary butyl ether were 
environmentally hazardous and needed alternatives. No one company, organization, or stakeholder could solve 
the global problem. Without a stronger market pull and stronger policies, single-purpose fuels will continue to 
face challenges in commercialization.  

Nevertheless, BETO understands the panel’s recommendation on identifying a specific combustion problem 
and solving it. Sooting would appear to be one critical problem where biofuels can provide a solution. 
Renewable diesel has illustrated one proven pathway where biofuels can drop in with identical properties to 
petroleum fuels, but with tuned composition (that is, no aromatics) and thus reduced 
sooting propensity. Additionally, BETO is a member of the International Energy Agency (IEA) Bioenergy 
Technology Collaboration Program. BETO will pursue avenues with IEA Bioenergy so that Co-Optima results 
may be disseminated to the international community. 

Recommendation 7: Prepare strategic scenario plans and publish gaps. 
BETO agrees that more strategic scenario planning would be useful. Such planning is too complex for BETO 
to do alone and will require stakeholder support across the renewable power and sustainable transportation 
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sectors. Nevertheless, BETO agrees that internal planning will be valuable as well. In particular, strategic 
planning would also align with the needs identified by Recommendation 2 to exceed ULSD parity. That is, 
BETO agrees that strategic scenarios need to be forecasted such that future demands of specific fuels may be 
forecasted. By forecasting overall fuel demands, more reasonable forecasts of specific biofuel demands could 
be predicted. This could then be correlated with biomass resource assessments and conversion pathway 
TEA/LCA state-of-technology reports and design cases. Such forecasting would help BETO understand where 
to best support funding along the biomass supply chain. In summary, BETO’s Co-Optima team will work more 
closely with the Data, Modeling, and Analysis team to understand the scenarios where biofuels will play the 
most impactful role in rapidly decarbonizing the transportation sector. Additionally, BETO will also leverage 
its collaboration with IEA Bioenergy in understanding global energy forecasting. 

Recommendation 8: Continue to strengthen stakeholder engagement, feedback, and 
listening. 
Co-Optima hosted the Capstone webinar series, approximately monthly from March 2021 through September 
2021. Co-Optima researchers have presented their key learnings to public stakeholders. Additionally, the 
university FOA projects and DFO industry partnership projects are required to publish final reports on their 
findings. Finally, BETO thanks the Co-Optima national laboratories in leading the publishing of the well-
designed and engaging annual year-in-review reports. 

Recommendation 9: Update and maintain public, online modeling tools and resources. 
BETO thanks the panel for the reminder on this important task to keep tools and resources available, even after 
Co-Optima formally ends after FY 2021. Publications and other wrap-up activities are expected to continue 
into FY 2022, and the Co-Optima national laboratories are committed to maintaining their existing tools. 
BETO will seek to work with the Co-Optima national laboratories along with VTO to continue to support Co-
Optima developments into the future. 

Recommendation 10: Continue investigations into fuel stability. 
This recommendation specifically mentioned work in ethers. The Co-Optima project on POMEs, led by 
Colorado State University, will continue more work in its final budget period on task work studying fuel 
stability. BETO will also pursue other related avenues to continue this important work on fuel stability and 
materials compatibility. For example, BETO supports national laboratory work at ORNL that evaluates 
materials compatibility. Beyond Co-Optima, BETO will also continue including requirements for fuel testing 
in future funding announcements.  
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RENEWABLE FUEL ADDITIVES FROM WOODY BIOMASS 
University of Massachusetts Lowell  

PROJECT DESCRIPTION 
The project team proposes a novel, comprehensive 
approach to the development and production of bio-
blendstocks that improve the energy density, sooting 
propensity, and cetane number of base diesel fuel 
while maintaining cold weather behavior. The 
process converts woody biomass into bio-oil through 
selective fast pyrolysis; the bio-oil is then selectively 
upgraded to form selectively oxygenated, minimally branched hydrocarbons using non-noble metal catalysts in 
combination with metal-catalyzed hydrogenation. Advanced predictive models, in conjunction with existing 
property databases, and experimental testing are used to evaluate overall bio-blendstock properties and their 
impact on base diesel fuel. An iterative, targeted upgrading approach is implemented to optimize the proposed 
bio-blendstock’s performance. Assessment includes a TEA, an LCA, and engine testing. Identification of a 
bio-blendstock that can be produced economically at scale while improving the performance and emissions 
characteristics of internal combustion engines positively affects the economy by boosting domestic fuel 
production and the environment by decreasing harmful emissions and increasing efficiency. The project team 
has successfully demonstrated biomass conversion and upgrading, developed numerical tools for fuel property 
prediction, and integrated the process into the TEA/LCA framework for evaluation and feedback. 

  

  

WBS: 3.5.1.16 

Presenter(s): Hunter Mack 

Project Start Date: 10/01/2018 

Planned Project End Date: 05/31/2022 

Total DOE Funding: $1,001,932 
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Photo courtesy of University of Massachusetts Lowell  
  

COMMENTS 
• In general, I think the project has good merits as pyrolysis oils from woody biomass could, in principle, 

be a plentiful source of bio-blendstock for transportation fuels. The approach is fascinating and original 
compared to more traditional hydrotreating methods. It focuses on chemistry and end molecules that 
exploit the structure of pyrolysis oils rather than force those complex compounds into mimicking 
conventional fuel molecules. I have concerns about the impact as I would like to understand better how 
the “micromixing” of the catalysts—and the catalyst type—entails scalability. Also, it appears that some 
critical milestones to validate the actual suitability of these molecules as bio-blendstocks are still 
missing. On this matter, however, it appears that a credible case can be made about a positive outcome 
being plausible. 

• This is interesting work in developing computational tools to guide biomass conversion conditions, and 
it is impressive how COVID-related facility setbacks were turned into useful literature review and 
model-training project phases. There is important consideration of catalytic esterification side reactions. 
Overall, this is an excellent analysis of the parameters influencing yield/composition in the conversion of 
woody biomass to bio-oil while also meeting milestones on LCA and TEA screenings. A potential 
concern for processes using wood or similar biomass as inputs is the sulfur and ash metal content of the 
output fuel streams. Diesel exhaust aftertreatment systems are pretty sensitive to these compounds, and it 
seems like metals cleanup (or avoidance in feed) could add cost when scaling these processes up to use 
real-world sources. Also, molecules that contain oxygen often attract water from the atmosphere, which 
can result in materials compatibility challenges in engines and fuel systems. 

• Management: Related bodies (BETO; Co-Optima teams; national labs) are identified. Specific risks and 
mitigation strategies are not presented.  

Approach: The fuel testing plan is robust and satisfactory. It is not clear how much specificity or control 
may be imparted during fast pyrolysis based on wood particle size outside what is expected from a 
typical fast pyrolysis product. There are also increased energy requirements with grinding to finer 
particle size that increase nonlinearly. The catalytic upgrading route is novel and interesting but would 
seem to be prone to severe coking with hydroxymethylfurfural (HMF) over acid catalysts, thereby 
diminishing yields and requiring a fluid catalytic cracking-like fluidized bed with oxidative regeneration 
step or frequent regeneration in a fixed bed. The boiling point of the phenol-ether compounds should be 
estimated to ensure that they maintain a boiling point below the 338℃ distillation point requirement set 
by Co-Optima screens for MCCI fuels (see presentation on “Structure-Property-Processing Relationships 
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for Bio-Blendstock Identification”). The boiling point estimate could likely be estimated by the Aspen 
model used in the TEA under progress and outcomes. The derived cetane number and other fuel 
properties should be estimated by programs/models developed by Co-Optima, such as Feature Creature 
or other.  

Impact: The project has a clear connection to the project approach. Commercialization will be 
challenging.  

Progress and outcomes: Fast pyrolysis is a commercialized process, and larger-scale units could 
potentially be utilized to quickly produce material and screen conditions. The upgrading seems to have 
met challenges with coking via hydrogenation. Hydrogenation prior to etherification may be feasible, but 
light hydrotreating is difficult because of the exothermic nature of the reaction and a propensity for going 
overboard into deoxygenation and past stabilization. Ultimately, the palladium catalyst may become a 
cost driver in the TEA, and feedback on that cost should be implemented in the cost model in the near 
term. 

• The goal of this work is to produce diesel-range fast pyrolysis-derived blendstocks with improved engine 
performance and physical properties. The roles in the project work breakdown are outlined reasonably 
well between the University of Massachusetts Lowell, the University of Maine, and Mainstream 
Engineering, with a dedicated project management function. There appears to be adequate interaction 
occurring at an unspecified frequency. The most critical risks and mitigation plans were not discussed in 
the presentation. The conversations were mentioned to take place regularly with the Co-Optima 
leadership team and other PIs. This type of collaborative behavior should be recognized. The approach 
here is to couple furans and phenols, followed by hydrogenation step, then blend as branched oxygenates 
into ULSD. It is not clear how the predictive modeling fits into the approach. Some parity plots were 
shown for unknown blendstocks to explain this Task 1.2.1. It was not clear how enough blends are going 
to be prepared with reference values to do the neural network calibrations needed for the modeling or if 
this is heavily supplemented by literature values. Finally, the engine testing will be completed on a three-
cylinder advanced modular diesel research engine that is fully instrumented. TEA will be completed for 
the project as well. If the goal of the model is to produce pure-component properties, then this must 
eventually be translated into the cross-interaction terms required in blending models.  

The team understands how the project fits into the Co-Optima mission. The black box artificial neural 
network (ANN) statistical approach seems appropriate for gaining experimental design vectors. Strong 
academic groups like this should try to get into the fundamental reaction mechanisms governing 
pyrolysis, especially for creating new strategies/tools for shaping the product distribution and training 
students. The first-principle kinetics can be incorporated in the ANN algorithm as relationship validation 
exercises. For the ANN regression parameters, it may be helpful to put physical meaning behind the 
weighted coefficients. The team should clarify if removing carbonyl oxygen during the hydrogenation 
before etherification approach is a minor risk. The team showed that etherification of cresol and HMF 
could be achieved at high selectivity and conversion with quick deactivation using clean, surrogate feeds. 
The teams should comment on which side reactions will control the intrinsic kinetics in the real feed 
because they were expected to have lower turnover frequency. The successful prediction of cetane 
number, YSI, and lower heating value (LHV) for soy biodiesel and POME did not seem to connect with 
the blendstock objectives presented in this work. It was not clarified if these blendstocks are serving as 
fuel additive baseline materials for the project. The team had a successful go/no-go in June 2020, which 
is a good sign for their future success. 

• The matrixed management structure of Co-Optima—which includes a board of directors, leadership 
team, steering committee, EAB, project manager, and technical team leads—is an effective arrangement 
to manage such a large and complex program with concurrent but related research happening across 
different pillars within the Co-Optima lab program and funded projects. It enables simultaneous R&D 
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versus linear and iterative programs, allowing for a more compressed program with faster learning. The 
program also identifies risks and mitigation strategies. The management structure allows for 
communication and collaboration across related projects. For funded university projects, the overall 
matrixed management framework for the Co-Optima program with liaison to a Co-Optima advisor helps 
connect the funded projects to the broader Co-Optima initiative and allows for information sharing 
across the other projects. The approach was to create renewable fuel additive from woody biomass in 
order to improve cetane number, sooting, and energy density by creating a bio-oil through selective 
catalytic fast pyrolysis (CFP) using sawmill residues. The approach identified promising molecules using 
an iterative process starting with 5% blends and working up to higher-blend percentages, and it included 
predictive efforts on fuel properties. The precise control of fast pyrolysis and resulting oxygen and 
acidity in order to tailor optimal bio-oil compositions by selectively deoxygenating to reduce reactivity 
and impose stability was used to demonstrate the ability to produce tunable fuels with desired properties. 
The approach spanned predictive modeling, tunable fuel synthesis, LCA/TEA, and engine testing. 
Conversion rates and selectivity to desired molecules was a key metric. The progress to date has 
generated useful insights into sawdust particle size and resultant distribution of components within bio-
oil. The parametric models are able to predict product yields from fast pyrolysis within 10%. The work 
has demonstrated high conversion and selectivity in the production of desired molecules. Useful 
blending models have also been developed. The blending models correlated with soy biodiesel and 
POME were very interesting. Is this getting shared with other groups doing Co-Optima work on single-
component or surrogate blends? How extensible are the models to the range of components and blends 
used across Co-Optima? There is a need for more use of blending models and physical testing of blends 
at the bench level for Co-Optima. Can you elaborate on how the model uses interaction coefficients on 
the blend behavior and how that information is updated within the Co-Optima fuel property database? 
During the presentation discussion, it was mentioned that it can apply up to hundreds of compounds and 
that you are working with other project teams, such as SUNY-Stony Brook, to share results, which is 
very positive. 

• This project is well designed, considering everything from feedstock selection and conversion facility 
design through to final use. As such, the GHG and economic impacts of the conversion process are well 
integrated into the project design alongside the actual work of generating and testing the bio-blendstock 
of interest. This project is also noteworthy for its consideration of conversion system operating 
parameters and feedstock pretreatment on the yields and composition of the intended bio-blendstocks; 
this is a thoughtful project design decision that provides a realistic path forward for feedstock conversion 
at larger scales. 

• This project proposes a new method to produce fuel while evaluating its LCA, GHG emissions, and 
engine performance. From a management point of view, there is a reasonably good amount of interaction 
with other, wider Co-Optima teams, which is good for streamlining the process and the overall outcome 
of the project. Taking the wider Co-Optima approach for LCA and GHG calculations would streamline 
the overall process. The lower energy density of the fuels being produced can impact the fuel uptake and 
final outreach. If successful, this project can lead to significant contributions to the overall BETO and 
Co-Optima goals, though more efforts could be placed in achieving higher energy density. 

 PI RESPONSE TO REVIEWER COMMENTS 
• The project team appreciates the comments, questions, and suggestions put forth by the Review Panel. 

The positive feedback on our project’s directions and results is encouraging, and we look forward to 
implementing and clarifying our approach with respect to the detailed commentary of the reviewers. We 
have made great efforts to integrate into the greater Co-Optima framework, and we will continue to do so 
throughout our development process. This includes aligning our LCA and TEA approaches to those used 
by other teams in the collaborative effort as well as applying our predictive models for fuel properties to 
other research efforts. With respect to our approach to predicting fuel properties of neat compounds and 
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blends, the framework is extremely extensible to other fuels and fuel types; POME and soy biodiesel 
were used as validation steps because they are well-characterized bio-blendstocks, and early results for 
the bio-blendstock produced by our process indicate that the suite of blending models remains highly 
accurate. In terms of the catalytic upgrading of fast pyrolysis products, our preliminary analysis on the 
pyrolysis product distributions shows that there is a strong effect of the biomass particle size. This 
suggests that there is a coupling between the pyrolysis chemical kinetics and mass transfer. This 
phenomenon was also observed in the literature, and the effect appears to be quite tunable. The trade-off 
between tailoring the product distributions and the additional energy used for the particle reduction 
process will be investigated and accounted for by the TEA/LCA analysis. Other suggestions, such as the 
inclusion of boiling point in our evaluation criteria, have already been implemented and serve to 
strengthen our overall approach. 
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MONO-ETHER AND ALCOHOL BIO-BLENDSTOCKS TO REDUCE THE 
FUEL PENALTY OF MIXING-CONTROLLED COMPRESSION IGNITION 
ENGINE AFTERTREATMENT 
University of Wisconsin-Madison  

PROJECT DESCRIPTION 
Significant research has gone into developing 
technologies for the fuel production of ethanol from 
lignocellulosic biomass. These are in the process of 
being commercialized, with 10 million gallons 
produced in 2017; however, ethanol produced from 
lignocellulosic materials cannot be used directly in 
diesel engines. We have demonstrated a catalytic 
process for the conversion of ethanol into 8-carbon to 16-carbon (C8–C16) mono-ether diesel blendstocks at 
high yields. These mono-ether compounds have desirable properties for blending with No. 2 diesel fuel. This 
work targets the production of these bio-blendstocks with compositions that improve the properties of diesel 
fuel and specifically reduce the fuel energy used for the operation of MCCI engine aftertreatment systems. 
This work combines studies of the catalytic fuel production process, the engine testing to determine the 
impacts of mono-ether fuel component properties on MCCI engine operation for catalyst heating conditions 
and for warmed-up operation, and the fuel property testing and modeling. The results of these studies provide 
inputs to the TEA/LCA and the engine system modeling to optimize the production process and the 
composition of the bio-blendstock to economically achieve the greatest reduction in GHG emissions while 
meeting the engine performance targets. The engine performance of the designed bio-blendstock composition 
blended at an optimized blend percentage with No. 2 diesel fuel will be verified in multicylinder engine tests. 
The primary objective of the work is to develop a bio-blendstock that improves the properties of diesel fuel 
and reduces the fuel penalty associated with MCCI engine aftertreatment while simultaneously being 
economically viable and having at least 50% life-cycle GHG reductions relative to conventional petroleum-
derived diesel fuel. In support of this primary objective, the project will identify fuel properties that are most 
important for reducing the fuel used for the operation of MCCI engine aftertreatment, develop a realistic 
catalytic fuel production process with conditions tailored to generate the designed bio-blendstock composition, 
and utilize TEA and LCA combined with engine experiments to verify performance targets. The outcomes of 
the project will provide the catalytic process and conditions to enable the economic production of the bio-
blendstock composition designed in this work. The resulting bio-blendstock is targeted to have a greater than 
50% reduction in GHG emissions relative to conventional petroleum-derived diesel fuel and to reduce the fuel 
energy penalty of aftertreatment system operation, significantly advancing the SOA for the production of bio-
blendstocks for No. 2 diesel fuel and the understanding of how to design fuels to minimize the fuel penalty of 
MCCI engine aftertreatment systems. The project will also produce a 1-L sample of the bio-blendstock for 
study by the national laboratory Co-Optima team. 

WBS: 3.5.1.17 

Presenter(s): Dave Rothamer 

Project Start Date: 10/01/2018 

Planned Project End Date: 12/31/2022 

Total DOE Funding: $1,499,894 
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Photo courtesy of University of Wisconsin-Madison  
  

COMMENTS 
• I am professionally involved in the renewable diesel market, which is growing very rapidly today. The 

enthusiasm for hydrotreated vegetable oil fuel tends to hide the fact that the technology is intrinsically 
limited by the relatively small amount of fats and oil that can be had, especially without clashing with 
other established supply chains; hence, I found the idea to use ethanol as a precursor molecule—whose 
feedstock base is substantively larger than fats and vegetable oil, as an intermediate for diesel 
blendstock—extremely worthwhile. The only significant criticism is that although the investigators show 
the use of process systems engineering, which I commend, to study at the system level, their approach to 
some essential data to validate the scalability and possible commercial viability was not present with 
more detail—particularly related to catalyst performance, expected cost, and life cycle. 

• This is interesting work on the production of diesel-range ethers from ethanol using the Guerbet reaction, 
offering a way to diversify blendstocks that can be produced from standard fermentation processes. It is 
good to see how aftertreatment light-off was included as a goal and is a potential benefit of the work. 
Preliminary LCA and TEA results look promising. Of the candidates, cetane is very favorable; and other 
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parameters, such as flash point and viscosity, are expected to fall within acceptable limits if residual 
alcohol can be limited. The mitigation of surrogate component costs for small-scale engine testing was 
accomplished by producing an initial small-volume run of blendstocks within the project. This also 
allowed some early feedback on the formulation using actual process outputs. Other feedback 
mechanisms included monthly and weekly internal meetings as well as discussions with industry 
research sponsors. 

• Management: The communication plan with internal teams and meetings are addressed. Risks are 
identified with mitigation plans throughout the sections. A feedback mechanism with external 
stakeholders is addressed.  

Approach: The approach is novel and has promise. The researchers are aware of the impacts required to 
make the process feasible, e.g., working to minimize separation steps to avoid added costs and energy 
inputs. The stability of the desired ethers should be investigated. Issues such as the formation of 
peroxides during storage should be considered.  

Impact: Finding alternative uses for ethanol as the light-duty fleet electrifies is a worthwhile endeavor. 
The $145 MM in capital is significant and presents a challenge to commercialization. This capital cost 
may be due to the scale of the plants being considered. Opportunities for scaled-down plant sizes and the 
trade-off on economy of scale may be considered to see if investment could be more palatable in a green 
field plant scenario.  

Progress and outcome: Given the current scale of the conversion technology, the utilization of model 
compounds is appropriate. Good progress on rigorous testing of the impact of functional groups is being 
made with the engine testing. Demonstration of the conversion technology at a larger scale to process 1 
L–5 L of ethanol per week would be interesting and would produce larger quantities for small-volume 
tests, such as an ignition quality tester. Future work/a follow-on project should consider the production 
of a sufficient quantity blended with No. 2 diesel for an engine test. 

• The goal is to create blends using ULSD and mono-ethers produced from cellulosic ethanol for MCCI 
testing. The team provided some quantitative metrics to this goal relative to ULSD—to create blends at 
the 5% blending level at a minimum, improving at least two fuel properties (cetane number, pour point, 
or cloud point), attain 50% reduction in GHG, and reduce soot emissions >25%. The roles and four 
critical tasks assigned to the University of Wisconsin-Madison team are clearly defined as catalysis, 
process design, engine, and fuel property testing. There is no task dedicated to generating fuel candidate 
volume at larger scales, so it is assumed that the catalysis task will take on this role. The team meets both 
weekly and monthly as well as with the Direct-injection Engine Research Consortium and other 
undisclosed industry sponsors. Several critical risks were named dealing with delays in TEA/LCA 
modeling and surrogate component supply position. These risks could be mitigated by establishing 
regular model updating and developing blends rich in components with an ample, sustainable supply and 
that dominate fuel performance and properties. The approach is to go through the elegant Guerbet 
pathway, followed by dehydration, to produce ethers and to experimentally establish the kinetics and 
reactor operating conditions; complete the TEA, engine testing, and fuel property testing; and then model 
using fuel surrogates. The excess fuel leftover from lighting off the aftertreatment device should be 
lower by using this co-optimized fuel. The team understands that this work provides an alternative 
pathway for ethanol conversion with the pressure on LDVs with electrification as well as the impact on 
emissions for HDV applications. There is great impact on student and workforce development in this 
area, especially with shaping technology strategies for existing ethanol biorefineries.  

The team has made excellent progress. Guerbet coupling was achieved, showing several hundred hours 
on stream, 70% conversion, and >65% to diesel-range alcohol precursors at low weight hourly space 
velocity. This is a very promising result. TEA revealed lignocellulosic ethanol costs as the key driver to 
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the overall process economics. The team is encouraged to show a process flow diagram-type of 
illustration for this biorefinery instead of a simple block flow diagram. The single-cylinder metal engine 
studies with only 10 surrogate blends and none of the blends containing diesel fuel seem somewhat 
limiting. The group has already published work on the farnesene-heptamethylnonane effect. There was a 
promising result regarding the residual alcohol impact being negligible at 8 vol %. The surrogate bio-
blendstocks had better combustion stability and showed the anticipated impact from oxygenates by lower 
carbon monoxide and hydrocarbon emissions. Some property modeling was completed using surrogate 
Guerbet-derived blendstocks out to 30 vol %. The team should consider spiking the surrogate blend with 
the full dry product effluent from the dehydration reactor to get the real impact, incremental performance 
vectors. The Guerbet space velocity is rather low, which is why this may be an effective project 
mitigation strategy. All key milestones were completed on time, and the first go/no-go was passed with 
an ethanol feed rate of 44 cubic centimeters per minute. 

• The matrixed management structure of Co-Optima—which includes a board of directors, leadership 
team, steering committee, EAB, project manager, and technical team leads—is an effective arrangement 
to manage such a large and complex program with concurrent but related research happening across 
different pillars within the Co-Optima lab program and funded projects. It enables simultaneous R&D 
versus linear and iterative programs, allowing for a more compressed program with faster learning. The 
program also identifies risks and mitigation strategies. The management structure allows for 
communication and collaboration across related projects. For funded university projects, the overall 
matrixed management framework for the Co-Optima program with liaison to a Co-Optima advisor helps 
connect the funded projects to the broader Co-Optima initiative and allows for information sharing 
across the other projects. This project looks at mono-ether compound-rich bio-blendstocks catalytically 
produced from cellulosic ethanol to improve engine optimization. The approach looks at both the process 
development of catalysts and engine testing and attempts to span from the catalytic processing of fuels to 
catalyst aftertreatment with an aim to co-optimize bio-blendstock production, fuel properties, and engine 
operation in order to achieve the greatest reductions in emissions at the lowest cost. One specific aim 
was to reduce aftertreatment by changing the fuel properties to improve catalyst light-off and to heat the 
catalyst as quickly as possible. Pour point, cloud point, cetane, and compliance with ASTM D975 were 
also targets. The concept of taking a holistic catalyst (process) to catalyst (aftertreatment) approach at co-
optimizing the system is interesting, but it requires a bit more explanation on how it all fits together. It 
was a bit unclear, for example, how the fuel properties would enable lower NOx. For example, how does 
higher cetane lead to lower NOx? It was briefly touched upon that the higher cetane allows for a triple-
injection strategy to heat up the exhaust and allows for a delayed third injection that leads to lower NOx 
and lower hydrocarbon emissions; however, the explanation was brief, and it was unclear how bio-based 
fuels enabled that outcome and if it was sufficient, for example, to remove NOx traps used during the 
cold start ahead of catalyst light-off. If cetane is a key enabler, is the selected catalytic process and fuel 
pathway able to create a higher cetane fuel beyond conventional diesel fuels? The progress reporting 
indicated that much has been completed on Tasks 1–4, but it does not indicate what still remained. The 
summary also does not bring back to point the key results and the most compelling insights for the 
research. Bolstering the key takeaways to date and what remains to be complete would be helpful in the 
presentation. 

• The project has a very strong and clear management structure. Overall, the aims and objectives, if 
successful, would lead to significant contributions to the area of sustainable transportation fuels. 
Increased interactions with the wider Co-Optima team would further increase the project impact. The 
team has done well in taking this project further during the current challenging times. The predicted 
efficiency improvement and reduction in GHG emissions, if achieved, could lead to a route for future 
transportation fuels. This project aligns well with BETO’s goals. 

• This research focus is well targeted to mitigate the documented trade-off between reducing NOx 
emissions and improving engine efficiency. This project has identified the key conversion step necessary 
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to generate the intended blendstock, and it has succeeded at generating the necessary conversion rates 
and precursor selectivities. From there, the project has incorporated that conversion stage into a fairly 
well-characterized TEA assessment. The results here are very valuable, suggesting the economic 
potential of upgrading ethanol as a premium blendstock for use in the HDV sector. The primary area of 
risk here appears to be with generating sufficiently low-carbon intensity ethanol to meet both the GHG 
reduction threshold and the cost target; the cost analysis implies the purchase of cellulosic ethanol as a 
feedstock rather than producing it in an integrated process. Although the project team has correctly 
identified feedstock cost as a key factor in their sensitivity analysis, it would be helpful to expand out the 
TEA to include more of the assumptions on upstream capital expenditures (CapEx) and costs to provide 
additional context. 

 PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their useful feedback and time spent reviewing the work. We are glad to hear 

from reviewers that the project aligns well with BETO’s goals, and we plan to increase interaction with 
the broader Co-Optima team during the next year. For clarification, the production of bio-blendstock at 
larger scales (to produce liters of bio-blendstock) is part of the catalysis task. Also, we have a process 
flow diagram for the current design of the plant, and we will continue to update this as the project 
progresses. Current single-cylinder engine experiments were designed to study fundamental property 
impacts, and future experiments will utilize blends with diesel fuel. We agree that testing the direct 
output of the dehydration etherification stage as the bio-blendstock may be a promising approach, and 
we will pursue this testing. The comment on investigating the stability of the desired ethers is well taken. 
Recent work by Huq et al. demonstrated suitable storage stability for an ether blendstock similar to those 
targeted here for the neat blendstock and when blended with diesel fuel with the addition of 100 parts per 
million and 20 parts per million, respectively, of a common antioxidant (butylated hydroxytoluene). This 
antioxidant approach is also used in our labs when storing ethers.  

We would like to address multiple comments regarding estimates of CapEx and operating expenditures. 
We agree that it would be desirable to reduce the $145 MM CapEx. We are currently investigating a 
range of alternatives to reduce the CapEx. They include the study of the effect of conversion on the 
biorefinery and the simplification of the separation operations. Once we have established these effects, 
we will be sure to study the effect of changing the biorefinery scale; however, we want to mention that 
the current size has been established based on the production of the NREL lignocellulosic ethanol 
production plant, and we believe that, in general, this is a reasonable choice for a base case analysis. We 
were not able to go into great detail regarding the assumption on upstream CapEx and costs; however, 
we are considering different scenarios for the production process, including integration with the ethanol 
production, which has some potential CapEx advantages and potentially life-cycle benefits as well. We 
also agree that demonstration of the technology at a larger scale would be interesting to enable testing of 
the produced bio-blendstock blended with No. 2 diesel fuel in multicylinder engines. This would be best 
suited as a follow-on project, as mentioned, once the current work is completed. Catalyst performance, 
expected costs, and LCA are considered part of our work, although we did not have sufficient time to 
present these issues in detail. Here are some additional details on the catalysts used: We have three 
catalysts involved in the process design (Guerbet, etherification, and oligomerization); both the 
etherification and oligomerization catalysts are zeolites, and the uncertainty in price estimation for these 
catalysts is lower considering that they are commercial catalysts, and we have used estimations based on 
market prices. The main uncertainty comes in the cost of the Guerbet catalyst. In this respect, we can see 
from the TEA that the catalyst cost is not the main economic driver of the process; however, to mitigate 
this uncertainty, we will use a tool developed by DOE and the national laboratories called CatCost 
(https://catcost.chemcatbio.org/). This tool allows for estimating the cost of a catalyst based on the 
process used in its manufacture as well as its composition. We apologize for not better conveying how 
the fuel properties of the bio-blendstock will enable lower NOx emissions. The targeted bio-blendstock 
composition is rich in mono-ether compounds with very high cetane numbers (>90). Single-cylinder 

https://catcost.chemcatbio.org/
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engine results have demonstrated that fuels with higher cetane numbers allow the third injection (post 
injection) during catalyst heating operation to be delayed while still achieving stable combustion, 
increasing the temperature of the exhaust gases. This shortens the time that is needed to get the catalyst 
to a temperature where urea can be added to allow selective catalytic reduction to be used to reduce NOx. 
We see that the light-off time reduces by ~3% per degree of the start of injection timing delay (e.g., 
enabling a 5-degree delay is expected to reduce the light-off time by ~15%), allowing the engine to 
switch to more efficient normal operation more quickly, reducing fuel consumption and NOx emissions. 
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NAPHTHENIC BIOFUEL-DIESEL BLEND FOR OPTIMIZING MIXING-
CONTROLLED COMPRESSION IGNITION COMBUSTION 
State University of New York at Stony Brook  

PROJECT DESCRIPTION 
The objective of this project is to investigate and 
demonstrate the use of a naphthenic distillate as a 
multicomponent liquid bio-blendstock for use in 
MDV/HDV MCCI engines. The naphthenic bio-
blendstock will be produced via CFP and 
hydroprocessing. Experimental data will be analyzed 
in order to assess the impact of the bio-blendstock 
concentration on the mixture preparation, ignition, heat release, and emissions formation processes of the 
engine. The goals of this project are to (1) demonstrate that the naphthenic bio-blendstock can be blended with 
diesel fuel and the mixture meets ASTM D975 specifications, (2) investigate the effects of using blended fuel 
in diesel engine efficiency and emissions, and (3) show life-cycle GHG emissions reduction of 50% compared 
to petroleum diesel. The successful demonstration of this research project will develop a biofuel-based 
pathway to reduce the use of fossil-derived diesel fuel in transportation today. 

  

  

WBS: 3.5.1.18 

Presenter(s): Dimitris Assanis 

Project Start Date: 10/01/2018 

Planned Project End Date: 12/31/2022 

Total DOE Funding: $1,487,112 
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Photo courtesy of SUNY-Stony Brook  
  

COMMENTS 
• I found this project to be very interesting and of value, being familiar with fast pyrolysis and its 

relevance in waste to energy. I gained more insight into the potential value of pyrolysis of waste biomass 
as I gained a better appreciation of the type of fuel that could be made out of it. Although these fuels are 
clearly a new class of fuels, which would require a considerable amount of certifications, the results to 
date seem to justify this effort and, in turn, further justify the effort in fast pyrolysis, a technology that, in 
my view, has been lagging. Because of that, I wish that there was a bit more of a tie-in with the 
“upstream”—a common theme across Co-Optima projects—and, in particular, more details about the 
hydrotreating process. This would have given a complete view of the impact opportunity. The PIs are 
confident that meeting ASTM D975 is realistic, but I would also argue that the project, particularly with 
the right potential economics, may deserve to have a follow-up, even if that metric is missed in the last 
few months of work left. 

• This is interesting and impressive work to synthesize and characterize hydrotreated pyrolysis oil 
blendstocks covering a range of oxygen and naphthene content. The assessments of combustion and 
emission characteristics of surrogate blends at various levels in petroleum diesel show promising results. 
There is a very clear project Gantt chart and milestones over time, showing good progress on the goals. 
One potential concern for processes using wood or similar biomass as inputs is the sulfur and ash metal 
content of the output fuel streams. Diesel exhaust aftertreatment systems are pretty sensitive to these 
compounds, and it seems like metals cleanup (or avoidance in feed) could add cost when scaling these 
processes up to use real-world sources. Also, molecules that contain oxygen often attract water from the 
atmosphere, which can result in materials compatibility challenges in engines and fuel systems. 

• Management: The PIs are well qualified, but interties to other projects; communication within the larger 
Co-Optima team, stakeholders, etc.; as well as identified risks and mitigation strategies are not 
addressed. Milestones and go/no-gos are present.  

Approach: The mid-distillate boiling range is appropriate for the distillation properties expected for an 
MCCI fuel running in today’s diesel engines. Previous investigations have looked at higher oxygen 
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contents for fast pyrolysis oils as direct fuel additives but perhaps not higher-oxygen CFP liquids. Some 
challenges will remain similar between fast pyrolysis and CFP. For example, the higher oxygen content 
in the mid- and high-oxygen blendstocks due to phenolics are likely to have acidic properties, which 
refiners and automobile OEMs may view negatively. (Refer to slide 19 of the “Structure-Property-
Processing Relationships for Bio-Blendstock Identification” talk on the first day for a list of MCCI fuel 
characteristics that may be employed as developed within Co-Optima for screening.) It is possible that 
only the most deeply hydrotreated samples pass the screening metrics developed in other parts of Co-
Optima and called out in ASTM D975, thereby affecting the mixture selected as surrogate as well as the 
TEA and LCA effects associated with more severe hydrotreating. Even saturated polycyclic compounds, 
such as decalin, may very well be soot precursors and not have the desired effect in diminishing sooting 
propensity.  

Impact: The project has a clear connection to the project approach. Commercialization will be 
challenging.  

Progress and outcomes: The addition of naphthenic bio-blendstock to diesel fuel does appear to improve 
cold-flow properties. The improvement of sooting propensity may prove more challenging. Decalin, 
which is a primary component of the surrogate fuel, will likely quickly convert to naphthalene during 
combustion (but not necessarily smoke point studies), which, as a polyaromatic, may have a significant 
sooting propensity. GHG reduction toward the goal of 50% must be tied to the level of hydrotreating 
required and may be challenging if hydrogen will be made via steam methane reforming. The total acid 
number and derived cetane number via ignition quality tester should be measured in the immediate term. 
Neither require significant volumes of material and could be accomplished with the volumes shown on 
slide 8. Slide 13 suggests a longer ignition delay with increasing blend concentration. The longer ignition 
delay could be due to higher viscosity but may also be due to a diminished intrinsic cetane number, again 
suggesting that the bio-blendstocks, surrogate, and mixtures should be subjected soon to low-volume 
tests such as ignition quality tester. Butylcyclohexane and propylcyclohexane were selected for Budget 
Period 2 as fuel surrogates in lieu of decalin, but the concentration of these compounds relative to 
decalin or in the overall fuel mixture of actual bio-derived product is not clear. Whether CFP and/or the 
subsequent hydrotreating are tunable to the degree to increase alkyl-substituted monocyclic compounds 
versus polycyclics is a critical question, but appears on the surface to be very challenging. Finally, per 
slide 15; point 7: Although methoxyphenols may solve the total acid number issue present with simple 
phenols, methoxyphenols are surprisingly difficult to produce from phenolics, and conversion options 
should be evaluated prior to employing the strategy of their creation. 

• The goal of this project is to show the impact of CFP-derived naphthene/ULSD ASTM D975 blends on 
engine efficiency and emissions. The PI was able to take over this work midway through, which was 
impressive, because the predecessor relocated. The approach here is to generate and characterize 
hydrotreated CFP distillate; synthesize a clean, surrogate version of this mixture; then run engine tests. 
This will only advance the art to a point because surrogate fuels using pure components are being used. 
It is quite common in research engine studies to use surrogate blends, so this approach aligns in well 
within the SOA. Further advancing the SOA should require moving into more complex mixture studies. 
The team appears to understand how this work connects to the overall goals of Co-Optima. It would be 
interesting to see how this characterization of hydrotreated oils compares with those reported in the 
literature or government reports. The merits of the characterization exercise to generate the surrogate 
molecular classes remain somewhat in question. The team should explain in more compelling detail how 
these six surrogate compounds captured the most critical blend interaction space, maybe in a statistical 
experimental design approach. For instance, it appears that the phenolics were used as the only oxygen 
source. The blend interactions for each compound could be drastically different. There may be an 
opportunity to conduct spike studies with real hydrotreated product on the clean surrogate to see the 
effect, such as a 5% blend, which may be more accurate for practical applications. The relationships 
between napthenic content and smoke and cloud point may be more familiar to the community, although 
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the literature may not reflect it. The team was able to show the impact of blend composition on ignition 
delay. With a significant level of aromaticity still present in the surrogate blends, there would be major 
differences. The impact on ignition delay was not that obvious and may have some degree of 
stratification present. The team should continue to make sure no moisture is present in the surrogate 
blends. The team can provide more details on how the B10, B30, and B50 blends were created. 
Unfortunately, carbon monoxide and total hydrocarbon emissions increased with blend ratio. 

• The matrixed management structure of Co-Optima—which includes a board of directors, leadership 
team, steering committee, EAB, project manager, and technical team leads—is an effective arrangement 
to manage such a large and complex program with concurrent but related research happening across 
different pillars within the Co-Optima lab program and funded projects. It enables simultaneous R&D 
versus linear and iterative programs, allowing for a more compressed program with faster learning. The 
program also identifies risks and mitigation strategies. The management structure allows for 
communication and collaboration across related projects. For funded university projects, the overall 
matrixed management framework for the Co-Optima program with liaison to a Co-Optima advisor helps 
connect the funded projects to the broader Co-Optima initiative and allows for information sharing 
across the other projects. The project is interesting and reflects the diversity of scope in the funded Co-
Optima efforts.  

I had a question regarding the context for the selection of naphthenic biofuel from CFP and hydrotreating 
to create a bio-blendstock. It may have been referenced in the earlier Year 1 presentations, but how was 
the focus on naphthenic compounded selected? Was there any input from the Co-Optima fuel property 
database or SPR efforts? What makes it a novel pathway or fuel choice? The approach covers the range 
from fuels characterization, experimental testing on surrogate fuels, and TEA/LCA. It was noted that 
although cloud point improved in a 50% blend with No. 2 diesel, smoke point did not improve despite its 
performance as a pure component. It was good that blends were tested as opposed to only single 
components. Future work was referenced on resolving the smoke point in the blended fuel but was not 
elaborated as to the intended future approach. Is there some information that can be shared now or 
insights as to how you would impart the performance via naphthenic fuel design into the blended fuel 
with diesel? This seems like a big win if there is some fundamental understanding here on improving 
sooting propensity in a blended fuel. It was discussed during the presentation that on slide 13 the 
pass/fail line for the 50% blend was not clear. How do we interpret acceptability from an engine 
performance perspective? During the Q&A discussion, the response was that mean engine performance 
was a metric. It would help to have a more objective basis defined or to at least know how marginal 
40%–50% blend fuels were. The results indicate that naphthenic hydrocarbons can perform better than 
aromatic hydrocarbons and phenolics at high blend percentages with improved cold weather properties, 
equivalent energy density, and no impact on sooting propensity. If the soot propensity of the surrogate 
fuels could be translated to the blended fuel, that would be a big win resulting from this research.  

• The work is being managed efficiently with a good management structure, though it could be further 
improved by more engaged relationship with NREL. The approach of producing and testing bio-
blendstocks would deliver one of the solutions to deliver future ground transportation fuels while 
assisting in achieving BETO’s goals. Significant scientific outputs are being developed from the fuel 
production and testing steps in this study, though the goal of the project also involves achieving ASTM 
D975 specifications from the viewpoint of considering the produced fuel as a drop-in fuel. In case this is 
not possible, it might be worth putting the positive outcomes and overall scenario in front of the ASTM 
committee for any potential addendum to the standards. 

• This project has a clear set of goals and a well-designed management approach to evaluate and test the 
naphthenic bio-blendstock. The approach efficiently utilizes existing resources, particularly the Research 
Triangle Institute’s hydrotreating capacity, to generate the candidate blendstock for further testing. 
Although this project is relatively early in its cycle, the results so far indicate both success at reducing 
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soot formation while achieving the ASTM standard for diesel. At this stage of the project, it would be 
helpful to provide more information on the choice of feedstock and some preliminary results on the 
emissions necessary to produce the fuel to get a better understanding of the GHG impacts of this 
pathway.  

PI RESPONSE TO REVIEWER COMMENTS 
• Production of bio-blendstock: The objective of the project is to investigate and demonstrate the use of a 

naphthenic distillate produced from biomass CFP and hydrotreating as a multicomponent liquid bio-
blendstock to improve cold weather behavior and sooting propensity of diesel fuel for use in MDV/HDV 
MCCI to ultimately improve combustion performance and reduce emissions. Among the various 
technologies that are being developed for the production of bio-blendstocks, the biomass CFP and 
hydrotreating process is relatively more scalable and can make bio-derived fuels widely available in the 
near term. This is part of the reason the project team selected the pathway. Additionally, the fuel 
produced from the CFP and hydrotreating process contains a high concentration of naphthenic 
hydrocarbons (cycloalkanes and alkyl-cycloalkanes). The naphthenes are hydrocarbons between normal 
paraffins and aromatics; hence, they can be used to tailor the properties of No. 2 diesel fuel by 
decreasing any negative impact of paraffins and aromatics as needed. Besides, naphthenes have 
attractive properties, such as a lower freezing point and a higher heat of combustion. The naphthenic 
distillate bio-blendstock is produced at Research Triangle Institute in a three-step process: (1) Biomass is 
catalytically converted into biocrude with a non-zeolitic, alumina-based catalyst at pyrolysis 
temperatures of 475°C–525°C in a 1-ton per day single-loop transport reactor; (2) the biocrude 
containing between 20 wt %–25 wt % oxygen is hydrotreated over a sulfided catalyst at 2,000 pounds-
force per square-inch gauge and 300°C to make a hydrocarbon liquid; and (3) the hydrocarbon liquid is 
subsequently distilled to obtain a naphthenic distillate boiling between 160°C–360°C. Note that the 
hydrotreating process conditions (temperature, pressure, space velocity, and hydrogen/oil ratio) can be 
changed to increase the concentration of naphthenic hydrocarbons and decrease aromatics/phenolic 
compounds for the bio-blendstock to meet specification. In Budget Period 1, several naphthenic 
distillates with oxygen contents between <1 wt % and 6 wt % were recovered and characterized. Fuel 
analysis showed that the less oxygenated bio-blendstock (oxygen <1) has the potential of meeting ASTM 
D975. The cetane index, boiling distribution (T90), and energy content were comparable to that of No. 2 
diesel. Further, the less oxygenated bio-blendstock had better cold weather properties (cloud point and 
pour point) and lower sooting tendency than No. 2 diesel fuel.  

Surrogate fuels: The surrogate fuels were developed to fundamentally understand how the major 
chemical compounds in the bio-blendstock influence diesel fuel properties, particularly the cold weather 
properties and sooting tendency. The surrogate fuel formulation was based on the chemical 
characterization (gas chromatography-mass spectrometry, detailed hydrocarbon analysis, carbon number 
distribution, and boiling range distribution) of the bio-blendstocks. The final selection of six major 
species belonging to chemical classes of naphthenes, paraffins, monoaromatics, polyaromatics, and 
simple phenol was based on the availability, cost, purity, and safety of pure compounds chosen to 
represent the class of compounds in the fuel. As a result, some individual major species were not used 
for most of the studies because of their high cost. An alternative cheaper molecule belonging to the same 
class of compound in the bio-blendstock was used. For instance, decalin was used in place of 
propylcyclohexane to represent naphthenes.  

We would like to point out that the project team has been collaborating with NREL and Yale University 
on the measurement of most of the fuel properties of the surrogate fuels. The blending studies of the 
surrogate fuels with research-grade No. 2 diesel at 10%, 20%, 30%, 40%, and 50% concentrations by 
volume have been very useful in understanding how the bio-blendstock could be used to improve the 
diesel fuel properties. As shown in the Peer Review meeting presentation, the project goal of improving 
the cold weather properties of diesel fuel by up to 8°C with the bio-blendstock was achieved and 
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successfully demonstrated at blends up to 50%. In the case of the sooting propensity, the bio-blendstock 
surrogates prepared did not have an impact. Based on the molecular structure and fuel property 
relationship established, and the NREL YSI predictive tool, a plan was devised to improve the sooting 
propensity. The tool suggested that increasing the concentration of the naphthenic hydrocarbon from 55 
wt % to 75 wt % and decreasing the aromatic hydrocarbons (tetralin) from 25 wt % to 5 wt % has the 
potential to decrease the sooting propensity by up to 30%. Also, having a bio-blendstock that contains 
propylcyclohexane instead of decalin as the naphthenic hydrocarbon component could improve the 
sooting propensity. We have now experimentally varied the hypothesis, and increasing the naphthenic 
hydrocarbon to 69 wt % decreased the sooting propensity by more than 50%. Based on this finding, the 
hydrotreating conditions would be modified to enhance the formation of the alkylcyclohexanes in the 
bio-blendstock.  

Engine testing: Detailed engine testing is presently being performed to evaluate blends up to 50% by 
volume of the improved surrogate fuel formulation, described above, with research-grade No. 2 diesel. 
Engine output performance, combustion characteristics, and emissions levels of the blends will be 
evaluated and compared against pure diesel fuel. Specifically, the effects of fuel injection timing, 
injection pressure, and exhaust gas recirculation rates will be investigated over a range of operating 
conditions in the single-cylinder Hydra compression ignition engine. Statistical analysis will be 
performed to quantify cycle-to-cycle variability, and tolerance/acceptability metrics will be formed to 
quantitatively qualify the blends.  

TEA and LCA: The process requirements for the production of bio-blendstock composition that meets 
ASTM D975 will be used to perform the TEA and LCA of the proposed biofuel production pathway. 
Also, the engine-out emissions recorded from experimental testing will be used to demonstrate the 
potential of the proposed biofuel to reduce the life-cycle GHG by 50% compared to conventional 
petroleum-derived diesel. 
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TAILORED BIO-BLENDSTOCKS WITH LOW ENVIRONMENTAL IMPACT 
TO OPTIMIZE MIXING-CONTROLLED COMPRESSION IGNITION 
ENGINES 
University of Michigan  

PROJECT DESCRIPTION 
The overall objective of the project is to develop and 
demonstrate a microalgae bio-blendstock with greater 
than 60% GHG reduction potential relative to 
petroleum diesel that can reduce sooting propensity, 
increase cetane number, and improve engine thermal 
efficiency relative to a baseline diesel engine 
operating on conventional fuel. Specific objectives 
include: (1) development of a new framework for both LCA and TEA that explicitly considers temporal 
variation in productivity and the frequency of crop loss; (2) determination of how fuel compounds that can be 
produced from the algal biomass can be “bio-tailored” based on the species composition and biological 
production process, subsequent processing via HTL to biocrude, and upgrading of the biocrude; (3) execution 
of a feedback loop (algae production  biocrude refining  combustion optimization  feedback to refining 
stage) for the optimization of fuels for MCCI combustion; (4) optimization of MCCI combustion and 
emissions performance, accounting first for the biological processes that dictate the chemical composition of 
biocrude oil and second for the subsequent chemical processes that comprise MCCI combustion; (6) 
simulation of MCCI engine combustion processes to demonstrate the incorporation of relevant fuel chemistry 
that captures the specific impacts of optimized algal fuels. 

  

  

WBS: 3.5.1.19 

Presenter(s): Andre Boehman 

Project Start Date: 10/01/2018 

Planned Project End Date: 06/30/2022 

Total DOE Funding: $2,000,000 
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Photo courtesy of University of Michigan  
  

COMMENTS 
• There are interesting and important observations from comparing monoculture to polyculture algae 

systems and the utility of HTL for processing their output. There are notable milestones in the 
demonstration of catalytic processes to make biocrude and tailored blendstocks as well as collaboration 
with an energy company to explore the technology transfer possibilities for refinery integration of algae 
biocrude. The use of algae as input biomass seems to avoid concerns with elemental contaminates (e.g., 
sulfur, ash metals) that may be an issue with woody biomass sources. Eventually, it will be useful to 
understand the feasibility and economics of the mass production of algae-based blendstocks. 

• Management: The team is well qualified. A few risks around algae cultivation and processing are 
identified. More information on the communication plan with the Co-Optima teams and external 
stakeholders would be helpful.  

Approach: The direct recycling of nutrients from HTL back to algae ponds is needed and is wise to 
include in the plan. HTL is an excellent way to convert algal biomass toward usable fuel. Batch reactors 
can hide processing challenges relevant for scale-up into continuous reactors, such as the deposition of 
inorganics in a catalyst bed or long-term (100 hours–1,000 hours) deactivation trends. With HTL and 
hydrotreating, it is unclear how tailored the fuels produced from algae via HTL and hydrotreating will be 
because you often get what you put in (i.e., it is more set by biomass properties than processing); 
however, slight changes in composition affected by processing conditions may be small but possibly 
meaningful. Certainly, algae could be grown for more lipid content, but this takes more time and often 
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requires other inputs such as sugar. Such offsets on economics and LCA would be interesting to 
consider.  

Impact: All of the steps in the project will support the commercialization potential. Interactions with an 
energy company regarding biocrude integration would be very interesting. A refinery may be hesitant to 
feed biocrude to their refinery hydrotreating unit due to the high concentration of nitrogen and oxygen. 
Feeding to a fluid catalytic cracker loses many benefits of growing algae, such as the lipids, which would 
not survive. Alternatives to an over-the-fence arrangement, whereby biocrude is hydrotreated at a 
separate facility and the hydrocarbons are sold for blending with diesel, are interesting to consider.  

Progress and outcomes: Progress and outcomes are progressing well. Good progress appears to have 
been made even during COVID. The recycling of the nutrients from HTL last year to new ponds this 
year is good to see. 

• The goal of the project is to develop an algae-based diesel fuel blendstock with improved MCCI engine 
performance, emissions, and physical properties. The tasks and roles were clearly outlined in the work 
breakdown as growing the algae, performing flow-through HTL, hydrotreating the bio-oil, then testing it 
in research engines with surrogate blends. In parallel, the modeling—both CFD at the cylinder level and 
TEA/LCA at the process level—occurs. From a workforce development standpoint, the project does an 
excellent job of including undergraduate to postdoctoral students. The team also has regular industry 
interactions with Marathon Petroleum in a consulting role. There was no mention of the meeting 
frequency. The critical risks and mitigation plans were not mentioned in the presentation. The problem 
with the contamination of algae cultures was discussed in the Q&A. The approach is to generate enough 
bio-oil in 2-L continuous stirred-tank reactors to generate enough hydrotreated fuel blendstock to use in 
MCCI engine and property testing. This testing should inform the algae cultivation and pond operating 
parameters in the feedback to optimize the entire process. The team works with polycultures to increase 
the net yield. The team should monitor the hydrogen consumption and carbon dioxide production during 
the bio-oil upgrading steps and determine what separation steps, if any, are required downstream or can 
be avoided by proper algae cultivation. The team understands that this work can result in technology 
transfer opportunities to the energy partner and aligns with Co-Optima’s strategy. The team was able to 
harvest more than 60 kg of algae during six cumulative harvest cycles. There was significant decrease on 
the 6/25 harvest, and this may have been due to a fungus outbreak, thus demonstrating how difficult this 
work can be. The team should reveal the rest of the compounds that satisfy the carbon balance for the 
HTL mass spectrometry results as well as the number of the organic phases that were observed. There 
was no analysis of the aqueous phase present after HTL. The team should seek to explore the reaction 
networks that lead to unstable triene diols present in the polyculture. There appears to be an opportunity 
to minimize the efforts with surrogate hydrocarbon fuel because all of the organic acids can be removed 
via hydrotreating. These hydrocarbons can then be blended along with hexadecane in diesel and tested in 
the MCCI environment. More mass spectrometry results from HTL experiments must be disclosed to 
truly understand the carbon efficiency and how to manage the molecules downstream as well as to 
identify the biomarkers for these compounds within algae prior to processing. This work must focus on 
working with real feeds and less surrogate compounds. The team believes that the impurities within the 
bio-oil should not be an issue. Currently, no OEM partner is participating on the project. Originally, 
Volvo Trucks served as the OEM partner. The approach toward key milestones could not be determined 
from the presentation. 

• The matrixed management structure of Co-Optima—which includes a board of directors, leadership 
team, steering committee, EAB, project manager, and technical team leads—is an effective arrangement 
to manage such a large and complex program with concurrent but related research happening across 
different pillars within the Co-Optima lab program and funded projects. It enables simultaneous R&D 
versus linear and iterative programs, allowing for a more compressed program with faster learning. The 
program also identifies risks and mitigation strategies. The management structure allows for 
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communication and collaboration across related projects. For funded university projects, the overall 
matrixed management framework for the Co-Optima program with liaison to a Co-Optima advisor helps 
connect the funded projects to the broader Co-Optima initiative and allows for information sharing 
across the other projects. The project looks at tailored bio-blendstocks with low environmental impact to 
optimize MCCI engines using algal-derived fuels for diesel. Sooting and cetane number are key targets 
as well as engine thermal efficiency. The potential for 60% GHG reduction resulting from the HTL of 
whole algae into biocrude is explored. Specifically, there is a focus on robustness and stability from 
polycultures versus highly engineered single strains. Pond crashes in the production of algal-derived 
fuels contributes materially to the cost and efficiency of producing fuels from algae. The polyculture 
approach helps create a more tolerant and stable feedstock production source. This project also added to 
the diversity of funded research in the Co-Optima program.  

A key question that I had was whether there was a trade-off from the polyculture versus monocultures. 
The response during the presentation was that monoculture- or polyculture-to-HTL products are very 
similar and do not pose a downstream trade-off. A related question is whether the research considered 
how the properties of the resulting biocrude might be tailored to influence the desired fuel properties or 
if biocrude upgrading resulted in non-differentiated fuels regardless of the algal feedstock and biocrude 
characteristics. Hexadecane was selected to represent algal biocrude. Does that lead to a differentiated 
fuel from conventional diesel? It leaves the question about how the fuel is tailored to meet the desired 
performance targets if there is no differentiation resulting from the algal feedstock. How do the fuel 
properties get tailored and passed through to the finished fuel? What is the co-optimization aspect? The 
approach references a feedback loop in the tailoring of fuel properties. It was unclear if that tailoring 
stemmed back to the algae itself or just in the upgrading of biocrude. It would be helpful to clarify how 
this feedback loop for tailoring fuel properties will be implemented in the remaining year of the research 
program. The results of the engine test to demonstrate sooting propensity and cetane number, with 
improvement in engine performance and emissions for the algal bio-blendstock, are not yet available. I 
assume this will be completed in the remaining research period of performance; however, once available, 
how will that information be used to tailor the fuel properties in the time remaining? It seems likely that 
with HTL of whole algae a fuel with a higher percentage GHG reduction may be possible. The TEA of 
achieving the potential MFSP of $3/GGE of fuel seems potentially challenging. What does the current 
TEA at today’s state of development for the HTL of algae say about its cost in terms of $/GGE? 

• The project uses a novel approach of exploiting algae for the production of bio-blendstock while taking 
feedback from the fuel produced and the performance achieved. Overall, the team has strong 
management skills, and it is clear that the project is being executed well. Interaction with the wider 
industry could be increased for improved impact of the work being done. The technical approaches being 
taken in the project are on the track to deliver the objectives of the project. The overall success of the 
project would lead to a significant contribution to BETO’s and Co-Optima’s goals. The use of the 
GREET model for LCA and TEA analysis is aligning well with wider Co-Optima efforts. The team has 
progressed well in the project, though the timeline is very tight, and efforts need to be optimized to finish 
the project on time while achieving the full potential of the innovative project being executed. It is 
expected that the overall work could lead to a significant reduction in GHG emissions. 

• There is no doubt in my mind that without HTL, the vision of making algal oil a viable feedstock for fuel 
production will remain only a mirage hampered by the inescapable reality of thermodynamics and 
economic constraints. The integration of algal cultivation with HTL is beneficial, and I commend the 
investigators for dealing with many critical issues, such as the vulnerability of algal monoculture, which 
at the commercial level has largely dissipated the past interest in algal biofuels. This integration is 
necessary but not sufficient. I would have liked to see a bit more detail about the steps after HTL—the 
type of pretreatment of the oils, issues with hydrotreating, and so forth, which are critical to determining 
the impact. Also, I would have liked to understand more about other scalability issues, such as at what 
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scale the various steps are executed—for instance, is HTL more distributed than the oil upgrade? And 
the fate of the water out of the HTL process, and so on. 

• This project connects a novel feedstock cultivation and sustainability approach with the Co-Optima goals 
of producing lower-emitting, optimized fuels. On the LCA and TEA side, this project team has built on 
promising research linking polycultures of algae that have greater yields than monocultures, and the 
team has identified a conversion pathway that is well suited to recovering the desired blendstock. These 
different tasks are well integrated with one another as a feedback loop, allowing for the adjustment of 
feedstock production and conversion based on the engine testing. Although the initial results are 
encouraging from a yield and modeled engine performance standpoint, the project success will require 
(1) additional information on the LCA performance of the polycultured algae in absolute terms rather 
than compared to the monoculture and (2) an assessment of the techno-economics of scaling up the 
ponds. (Note to PIs: Reading the linked study, the LCA emissions for the polyculture were still quite 
high. What is the strategy for reducing the emissions from the algal fuel in order to meet the GHG targets 
for the technology area? What accounts for the discrepancy in the LCA emissions between the measured 
values and the literature value you calculate for Selenastrum capricornutum of 33 kg carbon dioxide 
equivalent (CO2e) per million British thermal units?) 

 PI RESPONSE TO REVIEWER COMMENTS 
• Overall response: We appreciate the supportive comments and constructive criticisms received from the 

reviewers.  

Response: A reviewer asked about the meeting frequency for the team. The university research team 
meets monthly via a conference call for updates, planning, and discussion. We have had many informal 
discussions, roughly bimonthly, and we have had one major meeting with staff from Marathon 
Petroleum to discuss the project plans and progress and the challenges of integrating algal biocrude into 
refinery operations. We are planning a second large meeting with Marathon staff this summer. With 
regard to risks, we mentioned on slide 6 that risks include the challenge of algae instability (crashing of 
ponds) during cultivation and challenges with processing and upgrading. Risk is mitigated by following 
a “before, after, control, impact” approach. Risk in processing was mitigated by seeking advice from 
BETO researchers who are also pursuing HTL processing strategies. Because LCA and TEA are core 
activities in the project, we are monitoring material and energy inputs through the cultivation and 
processing tasks, including recycling of nutrients and analyses of byproduct streams. A reviewer 
mentioned the time history of the algae harvesting, which met our yield goal and exceeded (albeit on one 
harvest) the areal productivity target. Any decline in the 6/25 harvest was not due to fungal infection 
because we had yet to add the fungal parasite to the raceway ponds at that point. The lower value of 
harvest on 6/25 was not “significant.” It was a lower mean, but it was not a significant deviation from the 
overall trend, and it simply represents the natural variation in feedstock biomass due to unknown factors 
(changes in sunlight, temperature, or some other abiotic or biotic factor we did not measure).  

A reviewer asked that we report our complete chemical analyses during HTL to satisfy the carbon 
balance and the phase behavior of the HTL products. In general, we observe only two phases (aqueous 
and biocrude), and though we did not report the chemical analyses of the aqueous phase in our 
presentation, those analyses will be reported by the team. A reviewer recommended that we explore the 
reaction networks that lead to unstable triene diols present in the polyculture. We will pursue this in our 
upcoming efforts, and we appreciate the suggestion.  

A reviewer commented on our approach using a surrogate to represent the algal blendstock. The 
surrogate approach is necessary to help define the target for the upstream processes of algae species 
selection, HTL conditions, and upgrading conditions. Our use of n-hexadecane was supplemented and 
informed not only by analyses of initial HTL biocrude samples but also by studying a full boiling range 
of renewable diesel fuel and various biodiesel samples. A sample of those results was included in our 
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supplemental slides. We built into our statement of project objectives the possibility of adjusting the 
surrogate fuel composition as the algae processing formula is finalized. But to support the numerical 
simulation of the combustion process to enable engine optimization, we need to represent both the 
baseline diesel fuel and the algal blendstock in simple terms. A reviewer recommended that more mass 
spectrometry results from HTL experiments must be disclosed to truly understand the carbon efficiency 
and how to manage the molecules downstream as well as to identify the biomarkers for these compounds 
within algae prior to processing. We will include our extensive analytic results in our reporting to DOE 
and in publications.  

Much effort is being devoted to the detailed chemical analysis of the biocrude and upgraded biocrude. A 
reviewer stated that this work must focus on working with real feeds and less surrogate compounds. The 
team believes that the impurities within the bio-oil should not be an issue. Currently, no OEM partner is 
participating on the project. Originally, Volvo Trucks served as the OEM partner. Our algae production 
was limited in 2019 as a risk mitigation strategy because it was unclear if the successful strains 
cultivated as monocultures and polycultures in Michigan thrive in Arizona. We believe that HTL is such 
a robust process that the effect of algae strain will be only a secondary effect, relative to the selection of 
HTL conditions. HTL can homogenize the results from different algae. We are aware from discussion 
with our contacts at PNNL that there can be strong effects of minor species in the upgraded algal 
biocrude, and as we generate sufficient samples, we will be looking for these difficult compounds. Some 
have been shown by PNNL to impede the effectiveness of cold-flow performance additives. A reviewer 
commented that the approach toward key milestones could not be determined from the presentation. We 
have met all milestones throughout the project and both go/no-go decision points. So, we are on schedule 
based on our current statement of project objectives.  

Management: A reviewer commented that more information on the communication plan with Co-Optima 
teams and external stakeholders would be helpful. A reviewer commented that the direct recycling of 
nutrients from HTL back to algae ponds is needed and is wise to include in the plan. This is a step that 
we included in previous bench-scale work, and we did attempt that supplemental experiment in 2019 
while we were at the Arizona Center for Algae Technology and Innovation, but the algae failed to grow, 
even in the controls. We do not know why, but we suspect the lighting conditions in the lab were too 
intense and the algae were “photo bleached.” Nonetheless, we agree that this is an essential element of a 
realistic and scalable algae cultivation and processing system.  

A reviewer commented that HTL is an excellent way to convert algal biomass toward usable fuel. Batch 
reactors can hide processing challenges relevant for scale-up into continuous reactors, such as the 
deposition of inorganics in a catalyst bed or long-term (100 hours–1,000 hours) deactivation trends. Our 
work will remain as a lab-scale effort, and due to resource and equipment limitations, we must rely on 
batch reactor processing at this stage of the development of our team’s efforts. We have discussed with 
our partners at Marathon Petroleum both the need for and challenges that may arise from moving to a 
continuous process. That is one reason why our partnership with Marathon has been extremely valuable 
to our team.  

A reviewer commented that it is unclear how tailorable the fuels produced from algae via HTL and 
hydrotreating will be as you often get what you put in (i.e., it is more set by biomass properties than 
processing); however, slight changes in composition affected by processing conditions may be small but 
possibly meaningful. This is an aspect with which the team is aware, and our communication with 
researchers at PNNL has brought some of these challenges to our attention with regard to certain fuel 
properties. Nonetheless, it is our experience that HTL can serve to homogenize some level of feedstock 
variation; however, trace constituents can cause problems, and this is why our feedback loop among the 
major tasks in our project is so important. Moreover, our LCA and TEA studies are being informed by 
the variations in composition and properties that we observe.  
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A reviewer commented, in reference to linkage of the cultivation and processes tasks, that the integration 
is necessary but not sufficient. That reviewer asked to see more detail on the steps after HTL. These 
steps are evolving as we move from very small bench-scale reactors to larger batch reactors and our 
largest batch reactors. We are performing separation via centrifugation to obtain a separate aqueous 
phase that is set aside before the hydro-upgrading. A reviewer commented that the project success will 
require (1) additional information on the LCA performance of the polycultured algae in absolute terms 
rather than compared to the monoculture and (2) an assessment of the techno-economics of scaling up 
the ponds. And that the LCA emissions for the polyculture were still quite high. Our hypothesis in our 
study is that robustness in cultivation and efficient processing of the algae will yield a successful 
reduction in the GHG footprint for the algal bio-blendstock. Estimates reported recently by PNNL and 
the Co-Optima team are >60% renewable content for algal fuels. Relative to diesel fuel, that means 
approximately 33 kg CO2e/megajoule (versus diesel fuel’s carbon intensity of 95). Working at this small 
scale reduces GHG footprint reductions and dramatically increases costs. But by enabling robust 
cultivation, we will make progress on both metrics of performance that can advance the ability to scale 
up and deploy algal biofuels. In the Carruthers et al. LCA, the main driver of energy return on 
investment for S. capricornutum was phosphate concentrations required to grow the species. S. 
capricornutum requires a lot of phosphorus and is poor at recycling. Because GHGs in the LCA are 
inversely proportional to the energy return on investment, S. capricornutum’s biological need for 
phosphorus is likely what drives the species GHG. The reason GHGs are higher in our LCA compared to 
literature values is because we are the first to directly document the species’ phosphorus use and 
recycling inefficiencies (others have ignored it in their LCA). The only way to reduce GHG is to find a 
polyculture that achieves equal or higher feedstock productivity as S. capricornutum but which has a 
consortium of species that are efficient at using all limited nutrients.  

A reviewer asked whether there was a trade-off from the polyculture versus monocultures, whether the 
research considered how the properties of the resulting biocrude might be tailored to influence the 
desired fuel properties, and how the fuel properties get tailored and passed through to the finished fuel. 
What is the co-optimization aspect? The HTL and upgrading conditions allow a powerful lever for 
controlling the composition of the bio-blendstock. Our upgrading studies, in particular, have shown us 
that time on stream is a primary control over aliphatic chain length, which exerts a strong effect on 
sooting tendency and ignition quality. The algae species property that is more important is biochemical 
content (lipid, protein, polysaccharide), and, in general, that depends more on how the algae grow as 
opposed to the species being grown. A reviewer mentioned that it was unclear if that tailoring stemmed 
back to the algae itself or only in the upgrading of biocrude. Algae species selection was driven by 
concerns over productivity and robustness, of which the processing conditions are most strongly linked 
to tailoring the fuel properties. The fuel property studies (model compounds, full-boiling-range 
renewable diesel fuels, model esters, and full-boiling-range biodiesel) informed the targets that we have 
set for the process design to achieve. This is how our feedback loop is working—by directing the 
processing based on the composition targets derived from the fuel performance studies at the bench 
scale. Our ongoing engine work, by necessity, focuses on a surrogate representation of the algal bio-
blendstock because the engine requires liter to gallon quantities and the algae production and processing 
is limited to kilogram and milliliter quantities. But those samples will be studied in bench-scale fuel 
property instruments (sooting tendency in our smoke point lamp, ignition behavior in our cetane number 
instrument and modified Cooperative Fuel Research engine, and cold-flow properties in our cloud/pour 
point test instrument). It is correct that the $3/GGE is a challenge, and at this small laboratory scale, the 
cost is closer to $50/GGE than $3/GGE. But using our TEA and data from PNNL reports, we estimate 
that <$3/GGE is achievable at the industrial scale. 
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POLYOXYMETHYLENE ETHERS AS A HIGH-CETANE, LOW-SOOTING 
BIOFUEL BLENDSTOCK FOR USE IN MEDIUM- TO HEAVY-DUTY 
MIXING-CONTROLLED COMPRESSION IGNITION ENGINES 
Colorado State University 

PROJECT DESCRIPTION 
One of the most promising approaches to lower life-
cycle GHG, particulate matter, and NOx emissions 
from diesel-based internal combustion engines is to 
use sustainable fuels produced from lignocellulosic 
biomass either as a direct petroleum-based diesel fuel 
replacement or as a blendstock. Bio-derived 
polyoxymethylene dimethyl ethers (POM-DMEs), as 
a potential carbon-neutral fuel, have previously been shown to be viable diesel fuel blendstocks due to their 
unique molecular structure leading to high cetane number, excellent compatibility with diesel fuel, and 
extremely low sooting potential. Although most studies have agreed that POM-DMEs are a promising diesel 
fuel blendstock, these molecules exhibit undesired physicochemical properties, such as reduced LHV, low 
flash point, and high water solubility. Based on structure-activity models, many of these properties can be 
improved by replacing the terminating methyl end group with larger alkyl structures. In this project, we aim to 
synthesize and characterize a novel group of POMEs with larger hydrocarbon end groups. Fuel properties such 
as YSI, water solubility, calorific values, and prevaporized ignition delays of the synthesized POMEs were 
measured for a range of alkyl end group lengths and oligomers, with varying numbers of oxymethylene units. 
Additionally, microreactor experiments, complemented with kinetic modeling, were used to quantitatively 
understand and predict the pyrolysis behavior of POMEs. Results from this work conclude that these novel 
POMEs exhibit favorable physicochemical properties required by a diesel blendstock compared to their 
methyl-terminated counterparts while still exhibiting remarkable soot reduction potential. Next steps in the 
project include characterization of diesel/POME blends to understand synergistic/antagonistic blending 
behaviors on cetane, sooting, oxidative stability, and material compatibility; further POME chemical kinetic 
mechanism development through additional modeling coupled with microflow reactor pyrolysis and 
abstraction experiments; fuel performance and emissions assessment in a medium-duty 6.7-L Cummins 
engine; and sustainability/economics assessment to identify promising synthesis routes and support POME 
scale-up. 

WBS: 3.5.1.20 

Presenter(s): Bret Windom 

Project Start Date: 06/01/2019 

Planned Project End Date: 11/30/2022 

Total DOE Funding: $1,972,050 
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COMMENTS 
• I was not familiar with POME before reading the project documentation. Still, in general, the idea of 

identifying bio-based molecules that can be used to extend and improve the performance of conventional 
fuels is very appealing to me. Results appear extremely promising, and the investigators provide an 
excellent rationale for the work carried out thus far. Although I understand that some TEA 
considerations are very preliminary, I wish the team had provided more detail on the supply’s 
scalability—even if potential—and synthesis pathways from renewable feedstock. These aspects were 
not very clear to me during the presentation. 

• This is interesting work to develop a novel group of POME blendstocks and to characterize their impacts 
on combustion and emissions. These compounds have previously demonstrated viable production 
pathways from lignocellulosic material. The team developed important results on the POME reaction 
pathways and sooting tendencies, which provide structure-property data that feed back into the process. 
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The team aims to publish results in high-impact journals. The presentation provides clear flowcharts on 
project management components and risk mitigation strategies. 

• Management: The project team is well qualified. The project structure is clearly communicated as well 
as risks, implications, and mitigation strategies. External communication with stakeholders and tie-ins to 
Co-Optima are not as clearly defined.  

Approach: The approach to conversion, modeling with YSI, and fuel testing is robust. Questions 
regarding the conversion process should be addressed. One specific consideration is the selectivity and 
controllability of the POME process. If produced compounds are found to be unsuitable for fuel (e.g., 
with a terminal hemiacetal rather than the desired alkoxy group) and the process cannot be tuned to 
eliminate them, the separation and fate of these compounds and the relevant impact on TEA and LCA 
will be critical. Improving the conversion without sacrificing product selectivity over those reported in 
the 2020 American Chemical Society Sustainable Chemistry & Engineering paper will be critical, as will 
demonstration of the suitability for off-path products to be successfully recycled. The water solubility 
and oxidative stability of the POMEs are slated to be measured by the Marchese group, which is 
necessary for these compounds and has already begun. Consideration should also be given to the 
susceptibility of the POMEs to hydrolysis, even at lower water concentration in diesel once blended.  

Impact: Because the POMEs have relatively low energy density, there would likely be an optimal 
blending level where soot may be mitigated but energy density is not yet dropped to an unacceptable 
level. A 50% GHG reduction may be difficult due to the limited blending level. The publication record is 
excellent, but ultimately a commercial process and product would provide the most impact.  

Progress and outcomes: Good progress on developing new end alkoxy terminal groups for the POMEs 
and associated property and engine testing is evident. LCA and TEA results should be prepared and 
disseminated within the group soon to guide the most critical (i.e., expensive) aspects for the conversion 
team on reducing both costs and GHG emissions to provide research focus. 

• The goal of this project is to synthesize a new group of POMEs with longer alkyl groups and to perform 
MCCI engine testing with POMEs containing fuel blends. This goal has at least one quantitative target 
for reducing GHG by 50% relative to ULSD. Other directional metrics relative to ULSD include 
reducing YSI and maximizing LHV. The roles between Colorado State University, the University of 
Colorado-Boulder, and Yale University were clearly explained. The frequency of interactions among 
team members could not be determined. There are several critical risks—namely, product purity, POME 
scaling, and bioprocessing impurities. The team suggested a very reasonable list of mitigation actions, 
which includes partnering with a national lab to leverage separation resources, sourcing commercially 
available dialkoxy-methane, and obtaining commercial bio-derived alcohols as impurity-free reactants. 
These commercially sourced materials should serve as baseline testing components in the project 
regardless. The general approach is to synthesize POMEs, develop combustion kinetic models to help 
downselect, complete fuel property and engine testing, and provide TEA/LCA. The team did a good job 
of explaining this approach. Continuous POME synthesis with longer alkyl groups can take place only 
after the precursors are purified and isolated from the biomass effluent. The connection of the first-
principles combustion reaction network modeling to fuel performance should be further clarified because 
the engine testing task did not involve any validation of these results. It appears that the modeling 
provides a relative ranking on POME selection. There should be some project feedback to help tweak the 
modeling parameters or suggest independent experiments that tie/validate photoionization mass 
spectrometry (PIMS) and MCCI critical kinetic parameters. The team realizes that their work in this area 
will serve as foundational investigations for C2–C4 POMEs as MCCI fuel components. The team has 
already prepared seven manuscripts they aim to publish in high-impact, peer-reviewed journals. The 
characterization of these components will be significant to the biofuel design and vehicle engine design 
communities. More importantly, this class of molecules connects back to several BETO bioprocessing 
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synthesis pathways for generating feedstock precursors. The team did a commendable job of developing 
the class of extended alkyl POMEs. Further, the SPRs presented were compelling and clear. These types 
of Polanyi correlations are always important to science. The team was able to increase the yield of 
dibutoxymethane and oligomers quite a bit by tuning the direct organic synthesis pathway through the 
formaldehyde-butanol steps, avoiding any need for separation strategies downstream. The 
oligomerization is allowed to carry out denoting a product distribution governed via Flory-Schulz 
without any external control or manipulation strategies. At this stage in the project, the synthesis 
volumes are small, on the order of a few milliliters. The end group length and density empirical 
correlation with YSI for oxymethylene molecular substructural units showed excellent agreement. Larger 
end groups were also shown to decrease the ignition time. The kinetics on slide 28 show a slight change 
in slope in Arrhenius behavior, so the contribution of diffusion should be addressed. The go/no-go 
milestones—the YSI <200 and that the ignition delay must be less than the baseline ULSD targets—
were reached. The project appears to be on track. 

• The matrixed management structure of Co-Optima—which includes a board of directors, leadership 
team, steering committee, EAB, project manager, and technical team leads—is an effective arrangement 
to manage such a large and complex program with concurrent but related research happening across 
different pillars within the Co-Optima lab program and funded projects. It enables simultaneous R&D 
versus linear and iterative programs, allowing for a more compressed program with faster learning. The 
program also identifies risks and mitigation strategies. The management structure allows for 
communication and collaboration across related projects. For funded university projects, the overall 
matrixed management framework for the Co-Optima program with liaison to a Co-Optima advisor helps 
connect the funded projects to the broader Co-Optima initiative and allows for information sharing 
across the other projects. POMEs have the potential for high cetane number and low sooting with the 
addition of extended alkyl groups; however, POMEs have high oxygen content, low energy density, poor 
stability, and high water solubility, which are not desirable. The oxygen weight percentage can be 
reduced by adding alkyl end groups with the aim to improve cetane and reduce soot propensity while 
maintaining acceptable energy density, water solubility, and stability. POMEs appear to be a promising 
class of fuel molecules and were referenced in other Co-Optima work. It would be of interest to know 
the degree of collaboration across projects working with POMEs in Co-Optima.  

Sooting tendency was measured using Yale YSI. It seems that all the Co-Optima projects are using this 
method but almost none used blended fuels. Is there a reason that blended fuels cannot be used in YSI 
measurements for comparison to pure-component or surrogate mixtures? As noted in the Q&A portion of 
the talk, complex sets of reactions happen in combustion with the development of many species. It seems 
that some properties are inherent within a fuel molecule (e.g., octane) and that its performance will blend 
somewhat proportionally in a mixture, whereas others are based on chemical or physical interactions in 
the mixture. Will there be some improved predicative multicomponent blend modeling that comes from 
this research? The program progress is on track through Task 2.6 approximately halfway through the 
overall program. The team has produced 10 mL of POMEs with alkyl groups of C2 or greater and has 
produced YSI measurements, gas phase ignition characterization, oxidative stability, and LHV 
measurements. Progress includes new approaches to generate greater yield, including larger (n>2) 
POME oligomers, which addresses the limited POME yield in the original synthesis approach. It has 
been demonstrated that novel POMEs exhibit favorable physiochemical properties required by diesel 
blendstocks, which exhibit remarkable soot reduction potential and faster ignition chemistry than diesel. 
The program appears on track. Future work will investigate sustainability/economics and test the 
downselected blendstock performance in an MDV diesel engine. 

• This project deals with using POMEs to generate bio-blendstock for future transportation fuels. The 
overall management of the project is being handled well by the right team, which has a strong 
background in their respective areas. The approach of converting POMEs, measuring their properties, 
using modeling approaches, calculating GHG emissions, and engine testing is the right one to take for 
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delivering the goals and objectives of the proposed project and assisting in achieving the Co-Optima 
goals. The progress to date is good, even after the impact of the current circumstances. 

• This project is highly targeted and serves an important purpose in characterizing the properties of 
POMEs as a bio-blendstock. The progress shared so far illustrates that these compounds have favorable 
properties. The project team notes that synthesizing the sufficient quantities of POMEs and fuel from 
biomass could be large risks to the success of the project; this could be mitigated through a more 
integrated approach, wherein the feedstock and conversion pathways are identified earlier on in the 
process, to achieve a better understanding of the commercialization and sustainability prospects for the 
bio-blendstock. 

 PI RESPONSE TO REVIEWER COMMENTS 
• We appreciate the reviewer’s careful consideration of our project. We will look to incorporate much of 

this valuable feedback in the second half of the project. Please find responses to the questions/concerns 
from the reviewer’s overall impressions. Regarding information sharing, the team has a robust working 
relationship and meets monthly. Multiple off-cycle meetings occur in weekly and biweekly periods to 
discuss more specific items, e.g., relating kinetics to global combustion observations (ignition, YSI, 
oxidative stability) and synthesis outcomes to TEA/LCA process models. In addition, we meet regularly 
with NREL to discuss our complementary POME research as part of Co-Optima. Although our primary 
focus to date has been on the characterization of individual POMES, NREL’s POME efforts have 
investigated novel synthesis approaches and blended POMEs (distillation cuts). During our meetings, we 
ensure that complementary work is being completed and that the two teams are not overlapping efforts. 
This can be seen by the two co-published journal papers. We have also leveraged NREL’s facilities for 
POME synthesis/separation activities and fuel characterization measurements (ignition and oxidative 
stability). In the case of the unimolecular decomposition rates, we observe some slight curvature in the 
kinetics; however, this is due to intramolecular forces rather than diffusion, which is why we plan to use 
a modified Arrhenius expression to more accurately capture the temperature dependency of the rates. If 
the reviewer is referencing the low-temperature M2M  CH3 + OCH2OCH2OCH3 plot, there was one 
point with convergence errors plotted, which has since been taken care of. The property prediction tools 
used in the early screening of the POME performance were either validated or trained with commercially 
available POMEs or those that could be easily synthesized.  

We agree with the reviewers—now that we have successfully synthesized a wide matrix of POMEs (with 
varying end group lengths and oligomers)—that we will want to verify the predictions and update the 
models accordingly. The focus of the project in Budget Period 2 will have an eye on POME-POME 
mixtures (with impurities from commercial synthesis/separation) that minimize production costs while 
meeting performance metrics. Early “fundamental” work wanted to understand the role of POME 
composition on performance. Upcoming work will leverage the science gained from the first phase of the 
project with TEA/LCA results to identify subsequent POME blends for scaled-up production and testing. 
We concur that the TEA/LCA will be critical to guide our future direction, and we are expecting these 
results to occur early in Budget Period 2. With these results, we will also be able to identify and describe 
the most promising production pathways. Previous research has shown that YSI of blended fuels can be 
approximated by mixture averaging the YSI of the individual compounds. Although this has been shown 
to accurately approximate the YSI of mixtures, our kinetic results indicate that POMEs quickly 
decompose into aldehydes and alkyl structures, which could subsequently react with compounds in the 
diesel fuel. Future work to be conducted early in Budget Period 2 will explore possible 
synergistic/antagonistic effects on the YSI of POMEs when blended with diesel fuel. Similarly, oxidative 
stability and ignition data will be collected for blended fuels and will be used to identify any nonlinear 
blending behaviors that occur with POMEs to support improved property prediction models. 
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TECHNO-ECONOMIC AND ENVIRONMENTAL LIFE-CYCLE 
ASSESSMENT 
Argonne National Laboratory, National Renewable Energy Laboratory, and 
Pacific Northwest National Laboratory 

PROJECT DESCRIPTION 
The TEA and environmental LCA effort is part of 
Co-Optima and is working to identify performance-
enhancing fuel blendstocks derived from waste and 
biomass that can provide critical fuel properties and 
to assess their benefits and potential to scale. The 
objective of this task is to identify which multimode 
and MCCI bio-blendstocks may be most viable from 
an economic, environmental, and scalability perspective and to communicate these results to Co-Optima’s 
stakeholders. We interact closely with other Co-Optima teams to identify candidate bio-blendstocks based on 
key properties beneficial for boosted spark ignition, multimode, and MCCI engine combustion modes for 
LDVs, MDVs, and HDVs. The current phase of the project is focused on multimode fuels for LDVs and 
MCCI fuels for MDVs and HDVs. The task team provides the screening level. During the past 2 years since 
the last BETO Peer Review, the task team has successfully screened numerous feedstock-conversion pathways 
for producing multimode and MCCI fuels and deepened the analyses for promising candidates to provide TEA 
and LCA results for XX (where XX = approximately 10, to be finalized) multimode fuels produced via XX 
pathways and XX MCCI fuels produced via XX pathways. These results are critical elements in reports on the 
top multimode and MCCI bio-blendstocks identified by Co-Optima. They are also the basis for peer-reviewed 
journal articles published and in preparation by the team. 

  

  

WBS: 3.5.1.4, 3.5.1.8, 3.5.1.10 

Presenter(s): Troy Hawkins 

Project Start Date: 10/01/2018 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $1,765,000 
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Photo courtesy of ANL, NREL, PNNL 
  

COMMENTS 
• I really like this project, which provides a common framework for valuation across such a complex 

undertaking as Co-Optima. I appreciate that a variety of environmental and sustainability measures are 
considered besides carbon intensity. Relatively minor negative considerations are that I missed a detailed 
consideration about the scalability of the various pathways. 

• Management: Risks are identified and mitigated. The communications plan with clear interties to the rest 
of Co-Optima and other stakeholders (including BETO) are articulated.  

Approach: The criteria rubric is robust and comprehensive. Significant assumptions must be made, 
especially with early TRL processes. It may be informative to consider different potential starting 
feedstocks to compare TEA and LCA results to similar end compounds/mixtures as a function of varying 
starting points for the most promising blends. The team must continue to ensure consistent application of 
assumptions for economics and LCA across very diverse conversion pathways to ensure comparisons are 
apples to apples. Some economic enabling via coproducts may be beneficial to consider. For example, in 
long-chain primary alcohols, some of these are especially valuable if they can be separated and may 
support a biofuel economically.  

Impact: Continue to reach out to biofuel producers individually. It may be informative to demonstrate 
improvements of GHG reductions relative to traditional (e.g., corn sugar-derived) pathways to ethanol or 
similar products, such as in the case of biochemical pathways that utilize sugar as feedstock.  

Progress and outcomes: There is significant progress on evaluating multiple pathways in a consistent 
manner. Continue to focus on publishing results in peer-reviewed publications and reports, and make 
models available for use and review by the biofuels community. 
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• The goal of this project is to take into account all of the external drivers related to 
economic/environmental factors and identify the most promising new Co-Optima fuels. The team has 
dedicated project management roles and team-lead coordination roles as well as emeritus roles, which is 
a very thoughtful and strategic concept. One of the notable aspects of the management strategy is the 
multilayered quality analysis approach, which seems to be so critical for any modeling work like this that 
influences key decisions. One of the key risks named deals with the credibility of results, which can be 
mitigated by using proven, acceptable modeling tools across BETO and VTO. The management 
structure is similar to many other Co-Optima team projects, with a significant amount of monthly 
meetings and interactions. The team meets quarterly with an advisory board, presents at key conferences, 
and holds individual stakeholder meetings. The list on slide 7 of external stakeholders that provide input 
is quite impressive, as are all of the other BETO tools that are leveraged. In terms of the SOA for fuel 
design and downselection heuristics, the Co-Optima TEA/LCA project should advance the approach 
because the engine performance has already been validated in Tier 2, and the process development 
provides the mass and energy balances for LCA. Further, the team has developed 19 metrics covering 
costs, environmental, and scalability. This fits perfectly within BETO’s goals and missions. The 
approach has a significant, thorough criteria for fuel candidates to overcome in order to be considered for 
implementation. This approach should lead to a handful of promising candidates when completed. The 
team understands how their work will help guide R&D decisions and resource management in BETO by 
identifying low-cost, scalable, implementable fuel candidates. The impact also saves time and manpower 
resources by helping R&D identify risks early.  

The project has great commercial potential. It is expected that some auto OEMs or refiners would 
already be collaborating with the team at this point. The team should continue to define what makes a 
reasonable MCCI blendstock and final mixed-component blend, possibly even developing a true 
specification in the future. The MFSP estimates for the other five paths that were not less than $4/GGE 
should be disclosed for completeness. The team identified 11 blendstock candidates for MCCI. This was 
very helpful to the Co-Optima organization in general. The pathways are low TRL at the moment. It may 
be a better strategy to ensure Tier 2 testing occurs only when pathways are able to make liter quantities. 
The number of pathways investigated by the team, even at early TRL, is impressive and the correct 
approach. The renewable diesel costs appear to be in the neutral zone, which the team should clarify are 
for grassroots, stand-alone units in the analysis. The biochemical pathways continue to struggle with 
costs. The team should recommend the fundamental risk mitigation science approaches to deal with this 
gap. There may be an opportunity to explore various scenarios of combining a low-cost, low-carbon 
feedstock with a high-cost feedstock that is in low volume just to get it into the marketplace. If the 
biochemical pathways are not ready, the team can still produce them but at high cost and blend volumes 
<3%. The project may consider using some of the offline, single-batch, commercial blending programs 
to help generate blending recipe possibilities. The team identified 10 pathways for generating multimode 
fuel component candidates that have reasonable costs, GHG reduction, and quantity. This provides a 
clear strategic direction for BETO. This was an extremely successful effort. 

• The management structure of the project is strong. The integration of TEA and LCA in the overall Co-
Optima program is important. Selected risks and their mitigation methods are appropriate for taking the 
project forward. The strategy of regular meetings and information dissemination is appropriate because it 
helps all the stakeholders to give inputs and gain more understanding. Wider outreach activities are 
appropriate for this stage of the project. The approach of maximum sale price and GHG emissions is 
leading to the right blends being selected. The team has done a comprehensive task of evaluating GHG 
emissions of different blends. The work could deliver a different outcome in terms of standard methods 
for GHG evaluation or something similar, though an analysis on current fuel prices and potential sale of 
these fuels to public would have helped. The approach of evaluating TEA, LCA, and the scalability 
matrix is useful, though more options could be added for detailed calculation of GHG. LCA data sets 
have been made available through GREET, which is good for wider use. For wider impact, it might be 
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useful to provide LCA detailed methods for general use and iteratively improving them. Overall, the 
progress has been good and is assisting in achieving BETO’s and Co-Optima’s goals. 

• The matrixed management structure of Co-Optima—which includes a board of directors, leadership 
team, steering committee, EAB, project manager, and technical team leads—is an effective arrangement 
to manage such a large and complex program with concurrent but related research happening across 
different pillars within the Co-Optima lab program and funded projects. It enables simultaneous R&D 
versus linear and iterative programs, allowing for a more compressed program with faster learning. The 
program also identifies risks and mitigation strategies. The management structure allows for 
communication and collaboration across related projects. The approach focused on the foundational 
question of what will work in the real world and whether TEA of $/GGE fuel prices or LCA of 
percentage of GHG reduction were below a certain threshold. The threshold for fuel prices, $5.50/GGE, 
seemed quite high relative to what will work in the real world, but I understand this was potentially 
reflecting the current state of the fuel pathway maturity and not a final end state.  

The question was also raised by at least one peer reviewer or audience member whether there was use of 
a standard accepted LCA tool throughout Co-Optima projects. Was the GREET tool considered the 
accepted standard tool for all Co-Optima projects? If not, what else was used and why? One peer 
reviewer raised the question of whether LUC was accounted for in the LCA. Can you clarify if the LCA 
tools take into consideration LUC and are generally accepted by industry?  

A number of pertinent questions related to the cost-effectiveness of potential fuel pathways appear to be 
assigned to the refinery analysis group and not addressed in the TEA—for example, the potential for 
aftertreatment emissions cost reduction or relative cost-effectiveness in future high-electrification 
scenarios where price of crude may fall. Was the focus of the TEA only to calculate the stand-alone fuel 
cost? It would be helpful to state that certain cost or market analyses were performed in the refinery 
analysis as a framing for what was in scope and out of scope for this research pillar. The TEA was used 
to set a threshold for what will work in the real world; however, the Co-Optima targets are not 
necessarily set at what will drive adoption in the real world, particularly in a relevant time horizon that 
the fuel pathways become available within a potentially heavily electrified future. So, the targets are not 
necessarily set at what will drive adoption absent other policy. This often has the discussion shifting to 
whether higher-value blendstocks and additives should also be a focus alongside deeper GHG reduction 
from higher-blend content. Should Co-Optima include a focus on higher-value but lower-blend levels for 
fuel components that might enhance performance for cetane number, YSI, cloud point, etc.? This may 
help get faster market penetration albeit potentially lower GHG reduction or volumetric uptake of 
biofuels. The TEA and LCA effort did provide a useful framework for analyzing and downselecting fuel 
pathways to be considered more closely for LDV and MDV/HDV work. It also highlighted that cost 
remains an issue; however, in some cases, the TEA highlighted fuels as promising that seemed less 
scalable, such as HTL of swine manure. It was not clear whether this pathway was, in fact, scalable to 
commercially relevant volumes. 

• The TEAs and LCAs developed through this project fulfill a crucial role for Co-Optima by narrowing the 
technology area focus to only the most cost-effective and climate-friendly blendstocks. The approach 
used by this team appears to be well integrated with other projects and utilizes existing resources where 
possible to reduce redundancy with existing DOE work. The metrics used to assess economics and 
sustainability appear thorough and are clearly tailored toward the technology area’s overall goals. It 
would be helpful to provide more clarity on the data needs for this team and which data are coming from 
within BBG&T and which data are coming from outside Co-Optima to develop these assessments. On 
the LCA and MFSP components of the analysis, it would be helpful to provide more detail on the 
functional unit for the bio-blendstocks assessed. Is it strictly based on their energetic value for the 
purposes of assessing LCA emissions and costs? This component of the analysis could be more tightly 
integrated with the refinery modeling team in order to characterize some products that may be better 
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suited to be specialized fuel additives based on their value to a refinery rather than to assess them as 
fuels. 

• This team produced TEA, LCA, and scalability screening results of 13 pathways to produce 9 bio-
blendstocks for MCCI and 12 pathways to produce 10 bio-blendstocks for LDVs. The work was 
reviewed through DOE internal as well as external stakeholder advisory panels. In advisory panel 
discussions, industry regularly expresses strong interest in TEA and LCA to guide decision-making for 
biofuel investments. 

 PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their encouragement and support for this work and the suggestions for taking 

it further. It is great to hear the reviewers recognize that the TEAs and LCAs developed through this 
project fulfill a crucial role for Co-Optima. We appreciate the reviewers’ concern about using consistent 
methods for the LCA of bio-blendstock pathways across Co-Optima, and we have done this, consistently 
using the GREET model to perform the LCAs of all pathways. The question regarding the inclusion of 
LUC impacts in the LCA results is well received. This is something we include in GREET LCA results 
for more established pathways using GTAP-Bio through a collaboration with Purdue University. For 
most of the pathways evaluated for Co-Optima, LUC has not been a factor because the program has 
focused on waste feedstocks and those grown on marginal land. We have included pathways for fatty 
alkyl ethers and fatty-acid fusel esters from soybean oil and for short-chain esters from cuphea oil. A 
challenge with incorporating LUC is that estimates are specific to scenarios for the scale-up of biofuel 
production and are resource-intensive to execute, and this work has not been part of the Co-Optima 
scope. For the bio-blendstocks produced from soybean and cuphea oil, we will include LUC as a 
sensitivity analysis in the publication. We agree with the suggestion to expand the considerations to 
further address the scalability of the bio-blendstocks, and we have recently added an analysis of the total 
amount of each Co-Optima bio-blendstock that could be produced given the availability of each 
feedstock at the price used in the TEA, leveraging the 2016 Billion-Ton Report 
(https://doi.org/10.2172/1271651). These results will be included in the publication on the MCCI 
pathways. The results presented also include consideration of blending behavior with current vehicle fuel 
and regulatory limitations on blend level as well as competition for the biomass feedstock and sensitivity 
to feedstock changes. The suggestion to extend the TEA by evaluating the value of the bio-blendstocks 
based on their beneficial properties beyond their energy value is a good one and is, in fact, addressed in 
the refinery analysis effort, as the reviewers suggested. We also conducted a study of the potential value 
of reduced aftertreatment requirements (https://doi.org/10.1021/acs.est.9b03690). This has been an area 
of focused research, and certain approaches, such as DFI, show promising initial results, which we will 
consider incorporating in the benefits analysis. Finally, we appreciate the encouragement to continue 
publishing our results, and we are working to do just that. We are preparing three journal articles on the 
results of the TEA and LCA of multimode and MCCI bio-blendstocks for submission later this year and 
the results of the TEA and LCA. Together with these articles, we will be making a version of GREET 
publicly available with the detailed data for each pathway. 

  

https://doi.org/10.2172/1271651
https://doi.org/10.1021/acs.est.9b03690
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CO-OPTIMA INITIATIVE OVERVIEW 
Pacific Northwest National Laboratory, National Renewable Energy 
Laboratory, Oak Ridge National Laboratory, Sandia National Laboratories, 
Argonne National Laboratories, Lawrence Berkeley National Laboratory, Los 
Alamos National Laboratory, and Idaho National Laboratory 

PROJECT DESCRIPTION 
The Co-Optima initiative is developing high-
performance fuels that can boost engine efficiency 
and reduce criteria and GHG emissions when 
combined with diesel and multimode engines. To 
exploit fuel properties and composition to achieve 
Co-Optima’s goals, Co-Optima researchers have 
identified blendstocks to improve multimode 
combustion (using spark ignition combustion under high-load conditions and ACI combustion under part-load 
conditions). Research octane number, octane sensitivity, and low aromatic content were determined to be the 
most important properties for multimode engine efficiency. A series of low-molecular-weight alcohols were 
found to have the highest engine efficiency potential and lowest GHG emissions. Co-Optima is investigating 
MCCI and advanced combustion modes for MDV and HDV applications. Detailed MCCI fuel property-
molecular structure relationships were developed and used to identify hydrocarbon, ester, and ether 
blendstocks with the potential to reduce sooting tendency, increase cetane number, and improve cold-flow 
properties and energy density. TEA, LCA, refinery integration analysis, and benefits analysis identified 
candidates that can be made at scale while reducing GHG emissions by at least 60% with respect to petroleum-
derived fuels. 

  

  

WBS: 3.5.1.4-11 

Presenter(s): Daniel Gaspar 

Project Start Date: 10/01/2018 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $33,750,000 
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Photo courtesy of PNNL, NREL, ORNL, SNL, ANL, LBNL, LANL, and INL 
  

COMMENTS 
• I scored all the projects in management and approach similarly and highly. The Co-Optima leadership 

implemented a good structure that was well replicated across each project. Such coordination often 
transpires when looking at individual projects. Nonetheless, I found the link with the biorefinery industry 
and bio-based feedstock a bit more tenuous than I would have liked, or at least not as explicit for me. 
This made it difficult for me to understand the potential impact of some of the proposed solutions on the 
feedstock supply and biorefinery industry; however, I do not consider this a severe deficiency in the 
development of these projects. The overall screening and ranking of the proposed solutions are excellent. 
I will comment more in detail in the overall program overview review. 

• Management: The organizational structure with feedback from multiple bodies (e.g., EAB, steering 
committee) is excellent and ensures timely guidance and course corrections from relevant sources. The 
communications plan is robust. Critical risks are clearly defined with mitigation strategies. Overall, the 
management plan of this large consortium across the multiple laboratories is clear from the consistent 
messaging.  

Approach: Shifting to MDV/HDV ACI makes sense given the electrification of the LDV fleet. For 
MDV/HDV ACI, enough may not currently be known about the given combustion strategies to 
successfully screen bio-blendstocks for specific chemical properties. Future efforts within VTO and 
BETO as these properties are determined may make sense.  

Impact: Key to the long-term impact of Co-Optima is informing BETO and the biofuels community at 
large on what should be made, not only what can be made given a feedstock. Overall, the impact of Co-
Optima to guide project development toward new desirable fuels using industry engagement is strong. 
Continue to seek biofuels producers of all sizes, maturities, and feedstock specialties for their input and 
to inform them of the progress made by the consortium.  
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Progress and outcomes: The project has made excellent progress toward addressing the project goals and 
implementing its specified risk mitigation strategies. 

• The Co-Optima initiative is a very successful endeavor—from the way the projects are managed, to the 
research topics, results, and deliverables. The project was built from a solid premise rooted in 
optimization for maximizing engine efficiency and emissions reductions, which is exactly a critical task 
for powertrain development groups in most vehicle OEMs. The work breakdown and team focus areas 
make sense and have always provided clear objectives and directives. The project really provides the 
critical downstream considerations for BETO to make more informed pathway decisions. It is almost 
like having a commercial fuel manufacturer and an automotive OEM housed within the same technical 
department of the same corporation. This is what makes the initiative so powerful and unique. The teams 
leverage this close interaction by communicating very clearly and frequently as well as by engaging with 
an impressive number of university and industry partners. The organization is well structured, with a 
Board of Directors steering committee, project manager, leadership team, and advisory board. The team 
does a wonderful job of reaching out to the research community and industry stakeholders with direct 
visits, webinars, listening days, and forums. The team provided several key risks, in which one included 
LDV electrification, prompting the mitigation strategy to shift the weight of the research effort to HDV 
and not expand it into hybrid research. This was quite forward thinking and shows the skill and 
flexibility of all of the impressive researchers involved in the project. Every project team knows how to 
communicate the same effective message for their approach by understanding the fuel appetite of 
advanced engines, looking at the fuel options available, and evaluating the practicality of those options. 
The leadership team has a consistent message that is concise and clear, noting that the impact of 
transportation is the largest contributing sector of GHG in the United States and how this project also 
provides the comprehensive modeling tool suite to evaluate the well-to-wheels impact. Every key 
milestone has resulted in dozens of blendstock recommendations from Co-Optima that influence the 
research directions across BETO.  

The team has a significant impact on the internal and external communities, with more than 120 
publications, 6 patents, and database contributions. The team has been clear with external stakeholders 
on how RON, octane sensitivity, and heat of vaporization are key properties and alcohols, and iso-olefins 
and alkyl-furans are the classes with the highest potential. This important information is assisting the 
researchers with directional and resource decisions. By focusing on the merit function, the research 
community can clearly see how critical fuel properties impact engine efficiency. An impressive number 
of capstone reports have been published and are available for public download. The team successfully 
completed the FY 2020 go/no-go, identifying at least nine blendstocks for multimode combustion with 
favorable economics, emissions, and efficiency. The team has identified at least 11 MCCI blendstocks as 
iso-alkanes, esters, and ethers that also offer similar benefits after computer screening hundreds of 
potential mixtures. It seems there could be property synergy or new combinations of fuel properties that 
are even more important descriptors for characterizing MCCI performance. Hopefully, the team will 
continue to develop the CFD modeling and finite element analysis tools within Co-Optima. 

• The Co-Optima overview has been clearly laid out in the presentation. There is a strong management 
structure and support structure. Appropriate risks have been identified, and mitigation strategies have 
been presented. The approach of providing ease of access to information and data is useful for the wider 
community. There has been industry involvement in the project, though it was felt that it could be 
increased. The project team has managed to propose blends that can achieve >60% reduction in GHG 
emissions and lower than $5.50/GGE fuel sale price, which is a remarkable achievement. The outcomes 
from the work have the potential to be implemented to solve the transportation emissions issue. The 
learnings from the work could also have impact outside ground transportation. The Co-Optima project 
overall is helping to achieve DOE’s and BETO’s goals. 



2021 PROJECT PEER REVIEW 

 

658 CO-OPTIMIZATION OF FUELS AND ENGINES 

• The matrixed management structure of Co-Optima—which includes a board of directors, leadership 
team, steering committee, EAB, project manager, and technical team leads—is an effective arrangement 
to manage such a large and complex program with concurrent but related research happening across 
different pillars within the Co-Optima lab program and funded projects. It enables simultaneous R&D 
versus linear and iterative programs, allowing for a more compressed program with faster learning. The 
program also identifies risks and mitigation strategies, including the pivot to the MDV/HDV focus based 
on a shift in LDV focus to electrification. The management structure allows for communication and 
collaboration across related projects. The Co-Optima program frames its approach with foundational 
technical questions on: (1) What fuels do engines really want? (2) Which fuel options work best in the 
real world? and (3) Which fuels will really work in the real world? And then the program aligns research 
to answer these questions through four pillars of SPR, BBG&T, TEA and LCA, and impact and refinery 
integration analysis. Each of these interrelated pillars helps the research span from fundamental 
properties of fuels to how those may translate into scaled-up refineries. The approach has significant 
potential to identify novel factors that impact engine and emissions performance while also seeing how 
those fundamental properties may translate to what works in the real world. The focus on both LDV and 
HDV and different modes of combustion allows more opportunity space to find a novel fit between bio-
derived fuel properties and improved engine performance. The high degree of outreach and industry 
engagement increases the likelihood that the research is guided and has a more direct connection for 
impact and outcomes.  

The commercialization of any new fuel is challenging even when favorable properties are identified in 
the lab. Increasing industry engagement is key; however, prior aspects of market transformation or 
implementation that were part of Co-Optima early on seem to be less emphasized and may hamper how 
results translate into market impacts. How fuels will eventually get into the market is not well defined.  

Regarding overall goals, there needs to be some clarification. One stated goal was a 35% improvement in 
LDV fuel economy but was later stated as a 10% goal. Similarly, it is not clear how the goal of 30% 
renewable blend with 20% GHG aligns with the 60% GHG target, which is also stated as a goal. The 
LDV results were very promising with regard to Co-Optima’s original goals, and while it is 
understandable that there is the shift to MDV/HDV, it was not clear if efforts were being made to ensure 
that the LDV results are applied in markets where engines may transition out more slowly. Did the 
industry take away anything related to LDV that may still be applied in countries with slower electric 
vehicle adoption? It would be helpful to more clearly state if companies and fuel producers are still 
targeting LDV engines with downsized, boosted, multimode, or ACI strategies that could take advantage 
of Co-Optima’s learnings in any market. It seems like the light-duty part of the program is being shelved 
without at least summarizing where results might still be applied and disseminating information. 
Creating market pull was mentioned as a focus for Co-Optima fuels, but what drives the market pull 
absent head-to-head cost-competitiveness? It was touched upon but never really delved into how Co-
Optima fuels would generate market pull, particularly in the event of falling crude or fuel prices if 
electrification takes off. Certainly, the GHG benefits will play a role, but will the cost of compliance be 
enough to span the delta between Co-Optima fuels and forward-looking fossil fuel-based prices? It 
seems that this will be a major factor in the potential market impact of Co-Optima fuels, and it is not 
addressed in detail in the program at this stage. 

• The team took a multi-office, multidiscipline, hypothesis-driven approach to the evaluation of multimode 
and mixing-controlled fuel candidates across technical, economic, and environmental factors. There was 
regular engagement with stakeholders across EAB, OEMs, and fuel producers, as well as the academic 
community through journal publications and symposia. The project was able to demonstrate high-quality 
development and performance targets to industry and high potential for improvements in efficiency and 
criteria pollutant reduction, all delivered within the specified milestone schedule. 
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• This technology area has a nicely defined scope of work in conjunction with a clear set of goals within 
the technology area and linked to the rest of BETO. The management plan indicates substantial 
engagement with industry and stakeholders. The progress and outputs from this technology area are well 
documented and easily accessible via the Co-Optima portal, which further enhances the impact of the 
portfolio’s projects. Recommendations for this project are similar to those for the overall technology 
area. As part of the process of identifying candidate blendstocks and/or molecules, an effort should be 
made to identify and define their functional unit (e.g., cetane improver) in order to tailor the later TEA 
and LCA analysis and give the team a more accurate comparator for calculating GHG savings and costs. 
This is particularly important for molecules identified as additives rather than fuels. For example, a 
cetane improver may have different LCA implications and economic value when compared to a like 
product than when compared to a reference fuel. 

 PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their suggestions and insights, and we appreciate the consistent recognition 

among reviewers that Co-Optima is well managed and coordinated with a robust communications plan 
and regular engagement with industry and other stakeholders. We appreciate the reviewers’ concurrence 
that shifting effort to HDV transportation was the correct shift as near-term electrification of LDVs has 
become more likely. Three reviewers indicated that additional engagement with industry (beyond that 
noted) would help achieve our desired impacts. We agree, and we are currently making a renewed effort 
with various parts of the biofuels industry to drive better mutual understanding of opportunities and 
barriers to impact. One reviewer commented on international impact and wanted to see Co-Optima 
publicize the LDV results in regions where electrification would be slower. We note that we are 
currently making a substantial effort to communicate all our key results, including those on LDVs, to 
industry and other stakeholders in the United States and abroad, including Latin America, Europe, and 
Asia. For instance, the Co-Optima PI will present the LDV results to the directors of the OLADE in 
May. One reviewer referenced additives; we apologize for not being clear that all the candidates Co-
Optima has examined are intended for blending at 10 vol % or more, even those with a very high cetane 
number. Another reviewer noted that we expressed the Co-Optima fuel economy and GHG reduction 
targets in inconsistent ways. To be clear, the blendstock GHG reduction target is 60% at the blendstock 
level (or >20% for a 30% blend containing a blendstock with 60% reduction). Similarly, the 35% fuel 
economy improvement includes 10% from Co-Optima efforts in addition to the 25% goal for fuel 
economy improvements from other DOE programs. 
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EVALUATING POTENTIAL FOR IMPACT AT SCALE 
Pacific Northwest National Laboratory, National Renewable Energy 
Laboratory, Oak Ridge National Laboratory, Sandia National Laboratories, 
Argonne National Laboratory, and Idaho National Laboratory 

PROJECT DESCRIPTION 
“What environmental and economic benefits might 
be realized by co-optimizing LDV and HDV 
transportation fuels and engines?” From discussing 
the selection of top bio-blendstocks that meet the 
scalability, economic viability, and sustainability 
criteria, to biofuel properties that potentially enable 
greater market adoption, we will discuss the 
integrated modeling tools that were developed to estimate advantages of deploying Co-Optima technology for 
the LDV and HDV sectors along with their environmental and socioeconomic implications. Key outcomes are: 
(1) Refinery impact analysis indicates that high-octane, high-sensitivity fuels (boosted spark ignition and 
multimode bio-blendstocks) and low-sulfur, high-cetane fuels (MCCI) could be valuable to refiners. (2) 
Coupled LCA model development shows the decrease in refinery emissions and criteria pollutants. (3) The 
efficiency increase with Co-Optima fuels and engine combination is the largest driver for LDV adoption, and 
the reduction in aftertreatment costs is the key factor for HDV adoption. (4) Integrated benefits analysis 
demonstrates better air quality impacts and an increase in domestic job growth. Overall, this project 
summarizes the potential benefits that can be achieved by the widescale deployment of advancements made in 
Co-Optima.  

  

WBS: 3.5.1.4-5, 3.5.1.8-10 

Presenter(s): Avantika Singh 

Project Start Date: 10/01/2018 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $6,235,000 
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Photo courtesy of PNNL, NREL, ORNL, SNL, ANL, INL 

  

COMMENTS 
• Management: Risks are identified and mitigated. A clearer calling out of a feedback loop and type of 

information from refinery integration to the other teams (especially fuel production teams and SPR 
investigating desirable fuel properties) would be beneficial, if it is not already ongoing and strong.  

Approach: The approach to assessing the value of biofuels at scale is well implemented. Expanding the 
consideration to more specifically look at biofuel producers (which may not be the refiners) and not only 
to the refineries would be helpful. Expanding the consideration from refinery benefits to a hypothetical 
biofuel producer selling Co-Optima blendstock to a refinery for blending would be worthwhile of the 
envelope assessing value.  

Impact: Informing BETO of promising bio-blendstocks and their adoption at scale is important to 
continue to allow funding to be directed toward the most promising options while not stifling early-
phase/high-risk projects pointed toward options that would be a good fit for infrastructure if successful.  

Progress and outcomes: Significant progress has been made using several sophisticated models. 
Additional context around some results would be helpful to understand why certain otherwise seemingly 
excellent options have slow adoption in the marketplace. For example, if the isobutanol break-even price 
at a 10% blend is less than ethanol (slide 25), a description of what is holding back the adoption of 
isobutanol over ethanol would be valuable and could address whether it is a matter of regulatory issues, a 
cost of entry for adoption, or a lack of supply (or other). Another example regarding vehicle adoption: 
Descriptions around how the ethanol base case starting in 2030 is different from current ethanol 
penetration are required. Consider comparisons to the introduction of the ethanol fuel blend of 85% 
(E85) and vehicles from several years ago and associated vehicle adoption rates as a method to exercise 
these models to compare against a real case and assess any differences that might arise as an opportunity 
to refine the models. 
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• While reviewing some of the projects, I had a common complaint of having only a limited perception of 
the impact at the scale of the specific technology being reviewed. That was probably not completely fair 
because each project is carried out under the larger Co-Optima umbrella. The scalability issue can be 
dealt with in a more general fashion by looking at all the projects comparatively, as was done in this 
work. The oil refinery industry’s impact is well described, and the mitigation of possible hydrogen (H2) 
demand is a critical outcome of great relevance. What limits the project from achieving the best scores 
on impact and progress and outcome is the lack of detail—even if not at the same level—on the other 
side of the industry, in particular the supply of bio-based feedstock and integration with the biorefining 
industry. 

• The goal of this work is to estimate the benefits of scaling up by using refinery linear programming 
modeling tools as well as vehicle penetration and scenario models. The team has a strong management 
approach, with more than 20 researchers spanning the national labs, including a team lead and deputy. 
The meeting frequency resembles the strong engagement and interaction philosophy permeating 
throughout the Co-Optima teams. The team has a practical approach looking at optimized refinery 
models using Aspen PIMS with a variety of reputable inputs—e.g., the U.S. Energy Information 
Administration, IHS Markit, ASSERT, ASTM, the Automotive Deployment Options Projection Tool 
(ADOPT), the Petroleum Refinery Life Cycle Inventory Model (PRELIM), GREET, and volatile organic 
compounds calculations. The Process Industry Model-LCA spreadsheet tool should be published and 
made available to the public. All of these tools enable the refinery impact to be evaluated. The additional 
tools available to the Co-Optima team will advance the SOA for refinery long- and short-term operation 
planning. This team understands how this work will strengthen BETO’s pursuit of its goals by providing 
realistic scenarios that include incremental improvements in engine efficiency, emissions reductions, and 
jobs. The team continues to release results in reports; peer-reviewed journals; and interactions with the 
American Petroleum Institute, the U.S. Environmental Protection Agency, and the National Biodiesel 
Board. Some of the results were not surprising, such as the impact of blending alcohols into gasoline. 
The sensitivity as a function of blend ratio was interesting. The higher RON still requires more push 
from the reformer and alkylation units, so the justification of more capacity can become challenging. 
Reduced aftertreatment was a powerful result for automotive OEMs. This also provides opportunities for 
new aftertreatment devices that serve other functions. Fuel economy, performance, and reduction in costs 
should help drive penetration. The impact of electrification is a question remaining in the penetration 
scenarios. The argument for significant improvements in emissions reduction is a major result for BETO 
and VTO. The hybrid vehicle scenario seems to be more of a realistic bridging technology scenario, even 
within the HDV sector. This option could be bolstered in future scenario analysis. 

• The management team, management approach, and structure are significantly strong. Major risks have 
been appropriately addressed. The approach to the assessment of refinery impact, vehicle adoption, and 
economy-wide impact is important to determine the potential of the overall impact of the Co-Optima 
work. The analysis of sector-wide economic impact is important to understand, and the wholistic 
approach being taken to determine this is commendable. It is significant for refineries to know the 
overall economic impact and optimum blend, and this project has delivered the right information for 
refineries to make informed decisions. The prediction of market penetration and the reduction in GHG 
emissions is impressive and shows the impact this project could have in the long term. 

• The matrixed management structure of Co-Optima—which includes a board of directors, leadership 
team, steering committee, EAB, project manager, and technical team leads—is an effective arrangement 
to manage such a large and complex program with concurrent but related research happening across 
different pillars within the Co-Optima lab program and funded projects. It enables simultaneous R&D 
versus linear and iterative programs, allowing for a more compressed program with faster learning. The 
program also identifies risks and mitigation strategies. The management structure allows for 
communication and collaboration across related projects. The pillar focus of the potential impact at scale 
was to answer the foundational question of what will work in the real world with a specific look at 
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refinery benefits, vehicle adoption, and economy-wide benefits. Initially, it was unclear why some of this 
was not tied into the TEA work. The presentation references the tools used for the refinery analysis, 
vehicle adoption, and economy-wide benefits as well as some output from the effort; however, it was not 
straightforward what pragmatic insights could be derived from the analysis. For example, what do 
refineries or industry stakeholders say about the modeling results or market acceptability of the Co-
Optima solutions? Do they agree that these results will lead to increased market adoption and penetration 
as the modeling suggests? The biggest hurdle that I see for penetration of Co-Optima fuels into the 
market is the basic question of how competitive and value-driven they will be in a future electrified 
transportation system with less demand for crude and potentially lower fuel prices. The impact of future 
electrification on fuel price was alluded to but not further elaborated. Another pragmatic question is 
whether any fuel pathways could potentially allow for the removal or reduction of aftertreatment system 
costs, and if so, would there be enough fuel volume across pathways to create a market fuel specification 
to allow for a market shift in aftertreatment removal or reduction? There appear to be extensive analytics 
results from the effort, each of which perhaps contains the details if explored further.  

• The presentation did not clearly present the key market takeaways from the viewpoint of the refiners or 
industry. One example to illustrate this was the reduced need for hydrotreatment due to the lower sulfur 
content of bio-blendstocks. It was hard to tell the value of that in terms of dollars and cents to the refiner 
and how impactful this would be. The market acceptability and ability to meet aggregate fuel demand for 
the MCCI market under a common market fuel performance specification with diverse fuel pathways 
across the Co-Optima projects were also unclear. Even if one fuel pathway was able to reduce particulate 
matter, it was unclear whether there would be enough of that specific fuel pathway to satisfy a market or 
market segment. There will also likely be a comingling of fuels in the market unless the industry adopts 
a dedicated fuel specification for different vehicles, which seems unlikely given how the market 
currently operates. From a market viewpoint, equivalent drop-in fuel replacements are needed. This is 
really a broader thematic question for Co-Optima: How will this ultimately translate to the fuel mixture 
in the tank of a real-world vehicle? Which benefits from these studies will translate to end use? Can you 
reduce aftertreatment on all vehicles if only a portion of the fuel pathways supplying the market show a 
lower sooting propensity? 

• The team did interesting and important work to deploy SOA Aspen PIMS and linear programming 
refinery modeling tools to estimate the potential benefits of Co-Optima technologies if adopted at scale. 
A review of $/bbl break-even values and optimal blend levels showed that the high RON and cetane 
number of bio-blendstocks would be key drivers of their value to refiners, along with life-cycle GHG 
reductions. Risk mitigation strategies included working with the Co-Optima Fuel Property Team for 
additional measurements and engaging the Advanced Engine Development Team and industry partners 
to explore a range of key parameters and perform sensitivity analyses. 

• This project provides an extremely valuable analytical component to the Co-Optima team. Incorporating 
a refinery impact analysis provides a more nuanced view of the economic and sustainability implications 
of various bio-blendstocks. The additional integrated benefits analysis of economy-wide benefits is 
valuable to assess wider-scale benefits of co-optimization; however, this area of analysis poses a risk of 
redundancy or inconsistency if it is siloed from the rest of DOE’s modeling tools that examine feedstock 
supply and bioenergy market interactions. Because of the insight provided by the refinery impact 
analysis, it could be helpful for this team to work more closely with the Co-Optima TEA and LCA team 
to incorporate their findings on the refinery value and performance of bio-blendstocks with the TEA cost 
analysis of the products identified. (Note for PIs: This was an excellent presentation. I was concerned 
about the modeling of large-scale bio-blendstock production and adoption—e.g., the 60 billion-liter 
assessment for furans. Are these assessments consistent with other feedstock availability and modeling 
efforts done within DOE? Does this assessment of blended fuels consider feedstock availability and 
supply costs while still outcompeting other vehicle and fuel technologies?)  



2021 PROJECT PEER REVIEW 

 

664 CO-OPTIMIZATION OF FUELS AND ENGINES 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the committee for a thorough review and the thoughtful questions and comments. Also, the 

team is thankful to the reviewers for their recognition of the key achievements of the analysis project, 
such as the PIMS LCA tool; the refinery benefits in reducing hydrotreatment severity; and the reduced 
cost of aftertreatment devices in HDV vehicles considering the major industry trends in electrification 
and decarbonization needs. We address specific comments as follows:  

A. On the comment on linkages with the TEA work, the integrated analysis leverages the information 
from TEA/LCA (production costs/environmental impacts) of biofuels to evaluate other critical 
factors that would affect market adoption. These critical factors include refinery blending/value to 
refineries; vehicle adoption; and sector-wide environmental and socioeconomic benefits, including 
domestic job growth.  

B. Our modeling tools, particularly the Biomass Scenario Model (BSM) and ADOPT (vehicle 
adoption) are calibrated and validated frequently—and they are consistently deployed in other 
DOE efforts.  

C. Related to the pragmatism in the real world, BSM has been calibrated across all feedstock market 
parameters (feedstock prices, production levels, land allocations) and crops, adjusting the model to 
approximate the U.S. Department of Agriculture’s annual baseline and long-term crop forecasts by 
tuning the model’s internal market signals. ADOPT is the SOA tool for projecting the evolution of 
the vehicle fleet, and it is used by VTO and the Hydrogen and Fuel Cells Technologies Office. The 
model matched the real-world vehicle sales data several times in the last decade to predict electric 
and hybridized trains’ sales, which currently comprise less than 5% of the fleet.  

D. Regarding the impact of future electrification, this is being considered in the current modeling 
scenarios. We have considered the impact on refineries as they adjust product slates to make more 
diesel fuel in the future (predicted by the U.S. Energy Information Administration and ADOPT) 
and hybridization and electrification in the vehicle market. The results are being compiled, and the 
key findings will be explained in upcoming publications.  

E. The comment on quantifying the dollar and cents value of reduced hydrotreatment at a refinery is 
well taken. One of our approaches measures the break-even value of a biofuel (the maximum price 
that a refinery would be willing to pay) to quantify the value to a refiner, as shown in the results. 
Other approaches, such as differences in refinery gross margins, could be alternatively considered 
by blending biofuels.  

F. The suggestion on the identification of the biofuel supply potential is much appreciated and 
currently underway based on resource assessment of terrestrial biomass, yellow and brown 
greases/oils, algae, and waste sludge and manure. This will be discussed in the upcoming 
TEA/LCA publication for MCCI and multimode bio-blendstocks.  

G. The comment on the potential viability of a Co-Optima fuel mixture in the gas tank of a real-world 
vehicle is assessed through material compatibility testing (by the Co-Optima Fuel Properties team). 
Additional infrastructure compatibility studies for biofuels are performed within the BETO 
Strategic Analysis platform. Co-Optima team members are part of the ASTM committee working 
on the certification of high-octane, high-sensitivity fuels for market acceptance, and some of the 
fuels are already eligible for blending into gasoline and diesel.  

H. Biofuel feedstock availability and supply costs analysis currently underway are consistent with 
other BETO efforts leveraging other resource assessment studies within the BETO portfolio (such 
as the billion-ton study and the feedstock consortium) Additionally, BSM models consider the 
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realistic rate of biorefinery construction each year based on the heuristics of the biorefinery 
construction for cellulosic ethanol, for example.  

I. For the broader Co-Optima question, and which benefits will translate to end use, eventually, the 
market adoption is contingent on the availability of better-performing co-optimized fuels and 
vehicle engines in the market. This is an overarching assumption in the analysis. Many such 
options will be offered by biofuel producers, refinery stakeholders, and OEMs; therefore, our goal 
is to perform a comprehensive analysis to make the benefits and the risks of the Co-Optima 
technologies well known to all stakeholders. 
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STRUCTURE-PROPERTY-PROCESSING RELATIONSHIPS FOR BIO-
BLENDSTOCK IDENTIFICATION 
Pacific Northwest National Laboratory, National Renewable Energy 
Laboratory, Oak Ridge National Laboratory, Sandia National Laboratories, 
Lawrence Berkeley National Laboratory, Los Alamos National Laboratory, and 
Idaho National Laboratory 

PROJECT DESCRIPTION 
The Co-Optima program uses SPRs to identify 
candidate bio-blendstocks. We do so by establishing 
relationships between the chemical structure of bio-
blendstocks and the physical properties and 
combustion behavior that are most important in 
internal combustion engines. We create these SPRs 
by (1) evaluating chemical families and a range of 
structural variants using published data and new and existing predictive tools and (2) determining the 
relationships that confer certain properties to given structures. We can thereby broadly evaluate whether a 
chemical family and specific examples are suitable for a given combustion mode. This is done using high-
throughput computational tools (theoretical chemistry, machine learning, and mathematical models) 
complemented by experimental tools for validation.  

Key outcomes:  

• Established important chemical families, identified multiple bio-blendstocks for both LDV and 
MDV/HDV engines, and supported the Co-Optima Bio-Blendstock Generation, Characterization, and 
Analysis efforts 

• Expanded the development of SPR tools, methodologies, and understanding of how structure affects 
properties that can be applied beyond biofuels to better understand how structure impacts thermophysical 
and combustion properties.  

Identifying performance-advantaged biofuel candidates helps increase the bio-blendstock value proposition. 

WBS: 3.5.1.5-11 

Presenter(s): Vanessa Dagle 

Project Start Date: 10/01/2018 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $12,015,000 
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Photo courtesy of PNNL, NREL, ORNL, SNL, LBNL, LANL, INL 
  

COMMENTS 
• Linking chemical structure to properties is something I have always found extremely useful, even if 

many times the insight is only directional and qualitative. This project tackles a particularly complex set 
of performance characteristics, some of which may not be fully understood a priori, so I appreciate the 
complexity and the risks involved. I found the results very compelling and encouraging, and I believe the 
project has clearly significant technical and scientific impacts. I found the project to be the weakest on 
the commercialization opportunity and the tie-in with existing or potential bio-feedstock and associated 
conversion processes. Nonetheless, I rated the project on the previous category because I realize that 
other projects within Co-Optima have focused on that. I commend the development of tools to allow 
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third parties to independently evaluate molecules. Although I believe that it is unlikely that we will ever 
design a fuel molecule ab initio, even initial screening of possible bio-based compounds for a subset of 
critical properties can accelerate the work of researchers investigating new bio-feedstock-based 
processes. 

• Management: The project implementation and strategy plan are defined. Interplays with other portions of 
Co-Optima are described. Risks are defined with mitigation strategies. Triaging the most important fuel 
properties as the engine teams decipher critical properties in advanced combustion strategies and how to 
measure them is a critical step that I well recognized for being called out.  

Approach: The development of computational tools with experimental validation will lead to future 
breakthroughs when rigorously performed against newly proposed fuels. Test blended mixtures as often 
as possible with associated computational model development to avoid false positives associated with 
single compounds or simplified mixtures. I also suggest assessing poorly performing (or anticipated 
poorly performing) compounds and mixtures to ensure that computational models are robust. In other 
words, exercise the models with good and bad compounds/mixtures to ensure they can differentiate 
between good and bad. Ongoing discussions with engine teams are critical, and BETO project 
interactions with VTO engine teams post-Co-Optima are strongly encouraged.  

Impact: The publicly available models and information developed by this team are potentially some of 
Co-Optima’s longest lasting impacts to the biofuels community. Interties to BETO programs are critical 
for the success of the office. Continue to employ Co-Optima-developed tools to answer the question of 
which compounds/mixtures should we be making and to challenge new ideas and PIs to think critically 
about their proposals to decipher new ways to make desirable fuels, not only fuels that will burn.  

Outcome: There are excellent examples of improving the understanding between the BBG&T team and 
the SPR teams. Continue to develop characterization methods that can robustly describe complex 
mixtures. 

• The goal here is to identify bio-blendstocks with enhanced fuel properties. The SPR team seeks 
information from several Co-Optima projects as part of the management strategy (i.e., engine/fuel 
properties, blendstock generation, analysis) to achieve this goal. The team is organized with two project 
leads and includes national labs and several universities. Third-party certification labs and well-utilized 
institutes such as the Southwest Research Institute could be potential collaborators/advisors to this work. 
Two critical risks were named: schedule delays and the inability to model real fuel blend interactions. 
The mitigation involved applying more manpower resources to improve the schedule and more 
experimental validation to capture interaction bonuses. Both mitigation actions are quite acceptable. The 
key end-of-project milestone is to identify fuel-engine combinations that increase fuel economy by 35% 
for LDV and 4% for HDV over the 2015 baseline. A clear and comprehensive communication plan was 
provided on slide 5, with more than 16 formal scheduled meetings occurring every month across the 
team. This is ample communication. There is no direct industry engagement on this project or industry 
advisory board at this stage. The SPR project brings more of an advantage than the SOA—which are the 
classic refinery-based molecular management methods, additive screening methods to generate OEM 
specifications, or industry consortium methods (i.e., Coordinating Research Council)—because it 
involves a workflow where most of the coarse candidate screening is done computationally. The fine 
screening happens experimentally with the validation work to confirm certain properties monitored by 
standard refereed methods. This approach will potentially lead to new fuel blendstocks because it relies 
on evaluating properties that are common across many ignition modes. The group has already proven 
that it can identify fuel candidates.  

The team has made good progress publishing and making tools available to the public (e.g., cetane 
number, octane number, sooting potential, and NMR). The latter achievement is quite useful to all of the 
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stakeholders involved in fuel design. There is an opportunity to provide plots/visualizations that show 
the fundamental functional groups in various combinations and how those combinations impact various 
properties. Such analysis could denote optimized sweet spots on these diagrams for traditional fuel 
blends that have worked in the past (e.g., hydrocarbons, alcohols, and ethers). More examples should be 
shown like those shown on slides 17 (cetane number versus POMEs) and 18 (YSI versus alkyl chain 
length and oxy-alkyl density) that illustrate classes being broken down into functional group arrays with 
actual property correlations. This is the heart of the project. New modeling tools were provided 
correlating flame speed, heat release, and cold-flow properties. The computational tool predicted more 
than 25 compounds with YSI <100 and more than 37 compounds with cetane number >40. It seems like 
there is an opportunity for even more fundamental descriptors to increase the granularity of the analysis 
by incorporating a free energy minimization tool to get the resting geometry. One branched long-chain 
alkane, two ethers, and four dioxolane compounds were identified computationally and verified 
experimentally for passing Tier 1 property specifications. This was a good result and another opportunity 
for third-party inspection labs to verify the slate of distillate property testing. The team should clarify 
whether ULSD or Tier III gasoline carrier fluids are being used to determine properties in real fungible 
situations or whether these are neat validation experiments. Twenty compounds with RON >98 and S >8 
were identified, and NMR chemometric models were developed. The rapid compression experiments 
helped determine lower branched long-chain alkenes as target molecules for increasing phi sensitivity. 
This was an important experimental result as well. 

• The management of the program is strong, and assessing the impact of changes in species is the right fit. 
Overall, the work on screening hundreds of species by combined computational and experimental tools 
and selecting a few with the help of novel approaches is a strong method. The approach of assessing the 
impact of a slight structural change on cetane number, YSI, RON, and MON is impactful. The work 
could lead to faster and cheaper screening of species for the right properties. The impact of this work 
could be further increased if multispecies are investigated and analyzed. The project is helping to achieve 
DOE’s and BETO’s goals. 

• The matrixed management structure of Co-Optima—which includes a board of directors, leadership 
team, steering committee, EAB, project manager, and technical team leads—is an effective arrangement 
to manage such a large and complex program with concurrent but related research happening across 
different pillars within the Co-Optima lab program and funded projects. It enables simultaneous R&D 
versus linear and iterative programs, allowing for a more compressed program with faster learning. The 
structure and property relationship team receives feedback from the other research pillars, such as the 
blendstock generation and testing activities to experimentally validate results and refine predictive tools. 
The program also identifies risks and mitigation strategies. The management structure allows for 
communication and collaboration across related projects. The SPR approach focused on the foundational 
question of which fuel options work best. Their approach of using high-throughput computational 
predictive tools coupled with experimental methods and machine learning was a significant enabler in 
the rapid identification of new fuel targets with desired and novel properties. The identification on the 
LDV side of RON and sensitivity as better determinants of performance in spark-ignition-boosted 
engines was very interesting. Other novel properties of single-component fuels were assessed; however, 
they were not assessed with the predicted performance of blended fuels, which would enhance the 
approach in order to better translate results to finished fuels in engines if tools could be further 
developed. Still, the SPR approach allowed for rapid learning across a wide array of fuel properties.  

One question I had was whether the SPR effort started with what can be made from biomass or which 
fuel properties were desired from combustion and then backed into how it can be made from biomass. I 
believe this was discussed, and it was the latter, but I would like to confirm. The use of high-throughput 
screening, predictive computational tools, and machine learning and the resulting SPR tools in Co-
Optima are a very valuable output of the research and should continue to be developed. The 
identification of RON and phi sensitivity as an important factor in LDV combustion, which could enable 
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the use of such fuels in both boosted spark ignition and ACI, was something new that came from Co-
Optima. It would be interesting to know if an analog property could be identified for cetane. It seemed 
that for MDV/HDV performance, there was less opportunity to enhance engine efficiency through 
structure property relationships; however, the ability to potentially impact sooting propensity remains 
promising if properties that translate to blended fuels can be identified. The SPR tools and fuel property 
database were impactful in accelerating the Co-Optima effort and in identifying new performance-
advantaged biofuels; however, the predicted performance of certain fuel properties, such as sooting 
propensity in single-component mixtures, did not seem to translate into later-stage results. The SPR 
effort does not appear to look in depth at blended fuels with commercial-grade diesel. There was some 
exploration of this in other pillars of Co-Optima. This question of how blended fuel properties differ 
from single-component mixtures is a common theme across Co-Optima and should be addressed more 
directly within the SPR effort. It would be interesting to know if there was an expectation that properties 
would be identified that could achieve the goal of 4% gains for MDV/HDV efficiency either directly 
from combustion efficiency or by reduction from downstream aftertreatment penalties. Also, the SPR 
effort does not specifically look at the commercialization barriers on the components, and it was unclear 
how that information was fed back and incorporated into the fuel property database. 

• This project serves an extremely valuable purpose within the technology area, and it appears to be tightly 
integrated with other projects and contributes directly to the program’s overall strategy. Using a novel 
software, this team’s outputs provide important strategic direction for other projects on which bio-
blendstocks may have the most favorable properties. 

• This team did impressive work on developing high-throughput computational tools for assessing the 
relationship between phi sensitivity and functional group structure, and they conducted experimental 
validation of SPRs for more than 80 blendstocks. Their approach was based on hypotheses related to a 
defined suite of chemistries and functional groups, and it included collaboration with other Co-Optima 
teams and universities to reduce scoping and outcome risks. In the end, the team pulled forward seven 
blendstocks that meet all Tier 1 MCCI criteria, which ensures relevance to OEM R&D and provides key 
inputs to next steps by the BBG&T team. 

 PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their insights and strong endorsement of SPR activities conducted within Co-

Optima. We are pleased that the reviewers found that the SPR project contributes directly to the overall 
program and that the project has clear significant technical and scientific impact. We appreciate the 
recommendation to further develop SPR tools regarding blends/complex mixtures. Developing SPR tools 
for single components was a required first step, and we have made progress toward developing SPR 
tools for blends. A few examples of SPRs established for blends are described as follows: We have 
demonstrated alcohol structure relationships with RON and sensitivity for mixtures of alcohols. We have 
established the relationship between phi sensitivity and iso-olefins for on-site-produced complex 
mixtures of iso-olefins containing approximately 100 compounds. We have determined the olefinic 
alcohol structure and RON relationship for 0%–50% blends. In addition, we already have begun to 
develop SPR tools for complex mixtures (e.g., an NMR tool), and we agree that expanding and 
upgrading the tools to allow further advancement of our understanding of SPRs of blends will enable 
better translation of data and results to finished fuels. We thank the reviewer for the question about 
whether we used the SPRs to identify blendstocks with improved properties and then found a way to 
make them via biomass or vice versa. The answer is that we have done both. We noted several cases in 
the presentations where we used SPRs to identify new blendstocks and then worked out ways to make 
them from biomass, including the iso-olefins mixtures, the olefinic alcohols, and the POMEs. 
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HIGH-PERFORMANCE BIO-BLENDSTOCK GENERATION 
Pacific Northwest National Laboratory, National Renewable Energy 
Laboratory, Oak Ridge National Laboratory, Sandia National Laboratories, 
Lawrence Berkeley National Laboratory, Los Alamos National Laboratory, and 
Idaho National Laboratory 

PROJECT DESCRIPTION 
The BBG&T effort is part of the Co-Optima initiative 
that is working to identify blendstocks derived from 
biomass that can provide critical fuel properties and 
assess their benefits and barriers to adoption. 
BBG&T develops new bio-blendstocks for LDV and 
HDV to validate their fuel properties and production 
viability. We select promising bio-blendstocks based 
on fuel SPRs, and we provide conversion data for bio-blendstock TEA and LCA. Promising bio-blendstocks 
that pass our tiered screening process are then scaled for handoff to the Co-Optima engine testing team. Our 
efforts are coordinated with the BETO Core Conversion program to ensure a focus on production pathways 
that leverage the latest conversion tools and knowledge base. This project creates impact by de-risking novel 
bio-blendstocks and advancing public knowledge that informs the biofuel community and BETO program. To 
date, this multiyear effort has generated novel and promising bio-blendstocks that address both LDV and HDV 
applications. Key outcomes include (1) confirming the favorable autoignition properties of bio-based olefins 
with engine testing; (2) validating favorable fuel properties for waste-derived HDV bio-blendstocks, (3) 
demonstrating ethers that show favorable fuel properties, polymer compatibility, and storage stability; and (4) 
delivering gallons of bio-blendstocks to quantify engine emissions improvements. Collectively, this project 
will help ensure the success of Co-Optima’s mission for enhancing and understanding the value of blendstocks 
that can be obtained from biomass.  

  

  

  

WBS: 3.5.1.5-11a 

Presenter(s): Derek Vardon 

Project Start Date: 10/01/2018 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $9,430,000 
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COMMENTS 
• I have no issue with the technical results, which are quite good and show good progress and outcomes. 

My middle-of-the-range scoring for impact is because I could not sense whether any of the successful 
molecules have, on the very front end, viable supply chains (bio-based feedstocks) and processes, or if 
they are not viable today, under which conditions they might be. Incidentally, I believe that successful 
molecules under this analysis could get a boost in viability. I realize that this is not the primary focus of 
this project and that those aspects are specifically addressed in other projects under the Co-Optima 
initiative. Nonetheless, this connection, which is critical to possible commercial impact, is weaker than I 
would have liked, or at least it is weaker in the way it is presented. 

• Management: Communication and planning with other BETO teams are well described. Risks are 
defined with mitigations. In addition to the risks identified on engine performance and those associated 
with TEA/LCA modeling, consider risks around compound stability, especially with ethers forming 
peroxides or hydrolysis. Traditional/standard ASTM fuel stability tests may not always be the most 
appropriate for those tests.  

Approach: The BBG&T approach to identify and create new compounds and mixtures for testing is 
innovative and will push the SOA. As expected, many process routes from biomass feedstocks through 
compounds/mixtures that are desired for fuels may require multiple steps. Breakthroughs are required in 
feedstock production and/or thermochemistry/biochemistry conversion pathways to consolidate steps 
and decrease costs. BETO should consider funding these pathways under Conversion in the future.  

Impact: BBG&T projects serve as an excellent example of how the learnings of all of Co-Optima on 
which fuels engines “want” can be applied to designing and thinking critically toward the production of 
the “right” compounds and mixtures. Breakthroughs are required for the economic feasibility of several 
pathways. Specialized stability tests, such as those for peroxides, should also be considered, in addition 
to the ongoing work on polymer compatibility and standard ASTM tests to improve opportunities for 
market adoption.  

Progress and outcomes: BBG&T has made excellent progress toward their goals. BETO should consider 
continued funding of promising technologies under the Conversion or other technology areas as 
appropriate. As MDV/HDV ACI fuel property requirements continue to develop and gain understanding, 
a BBG&T-like effort in the future should be considered to address new ways to produce fuels for 
advanced combustion regimes. 

• The goal of the BBG&T project is to generate new bio-blendstock material to complete Tier 2 and Tier 3 
property testing at gallon quantities. The team identified a couple risks, mainly around ensuring that 
blendstocks can be derived from an existing BETO pathway and that no surprises arise later that could 
derail any candidate blendstock. Both risks can be mitigated by maintaining good communication and 
engagement along with regular informs among the BETO and Co-Optima teams, in particular analysis. 
The management structure is similar to the SPR project, with a significant number of monthly meetings 
and interactions. The team interacts with an industry advisory board, presents at the American Chemical 
Society, and will participate in the upcoming Co-Optima webinars. The SOA approach for designing 
new fuel blends at a higher scale will be advanced with the BBG&T project because it covers classes of 
molecules across several tiers of testing and analysis. This will undoubtedly lead to new fuel 
compositions that connect back to BETO’s 2022 verification pathway objectives. By testing at the Tier 3 
level, the project is ensuring that a fuel composition may have commercial potential. This is essentially 
the end-user application for the new fuel composition. The team understands how the BBG&T project 
will add value to the public, industrial, and academic communities by establishing cooperative research 
and development agreements, influencing BETO pathway R&D, expanding the public database, 
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publishing papers and patents, and making presentations. The project has already partnered with at least 
five companies to develop new fuels. Although the nature of these relationships and the expectation of 
outcomes were not disclosed, this is an important step in the right direction.  

The team was able to show that combining 10 vol % iso-olefins from bio-derived butene oligomerization 
with a neat, subgrade fuel could result in improved octane number at minimum commercial grade (87 
octane number) and sensitivity. This is not new information for fuel blenders optimizing octane number. 
The newer information applies mostly to sensitivity. The project was able to scale up HTL bio-oil to 
gallon quantities from sludge and algae that passed Tier 1 specifications. The project provided important 
results on polymer compatibility for the dioxolane fuel class. Stability testing will be key to this new 
class of fuel candidates, especially when generating large quantities of material. It is quite possible that a 
bio-derived antioxidant could be synthesized or extracted from one of the existing BETO pathways to 
help stabilize these fuels or the team could develop an oxidation stability analytical method that is more 
suitable for these types of mixtures. The project generated n-butoxyheptane in continuous liter-scale 
quantities versus the original, small-batch synthesis techniques. One of the best results showed eight 
HDV blendstocks undergoing emissions testing for soot and NOx production relative to a certified 
diesel. The BBG&T blends all performed better than the reference diesel. With this chemistry, the team 
should continue to monitor any changes in viscosity with butyl functionalization in POMES. This could 
possibly impact the common rail performance. The team deserves recognition on the polymer 
compatibility work and emissions work with HDVs. This is very important in the final product 
development. 

• The matrixed management structure of Co-Optima—which includes a board of directors, leadership 
team, steering committee, EAB, project manager, and technical team leads—is an effective arrangement 
to manage such a large and complex program with concurrent but related research happening across 
different pillars within the Co-Optima lab program and funded projects. It enables simultaneous R&D 
versus linear and iterative programs, allowing for a more compressed program with faster learning. The 
program also identifies risks and mitigation strategies. The management structure allows for 
communication and collaboration across related projects. The BBG&T effort bridges two foundational 
questions of which fuel options work best and which will work in the real world. The BBG&T approach 
also filters for two risk items. The first is the BBG&T scope, which includes testing complex bio-derived 
mixtures and not only model fuel components. The second is that it applies an initial threshold on 
TEA/LCA on fuel pathways that may not be promising from the perspective of cost per GGE or GHG 
reductions. The $5.50/GGE is still high relative to commercial targets, but I understand this is only an 
initial threshold for fuel pathways that may not yet be fully costed down but that show a trajectory for 
achieving BETO targets. Being able to produce suitable quantities of bio-derived fuels for bench and 
engine testing is an important aspect of the BBG&T team, particularly given that many of these fuel 
pathways do not have existing scalable processes to produce or procure fuels. The impact of the program 
has been to advance public knowledge through the fuel property database. The effort has also fed results 
back into BETO’s conversion program. There was industry engagement and dissemination of results to 
stakeholders through a number of publications and presentations. The BBG&T effort worked on a 
number of different fuel pathways, ranging from iso-olefins for LDV; to HTL bio-oils; to isoalkanes 
from food waste and dioxolanes, which were a new class of fuel oxygenate. It was not clear, however, 
from the presentation how these pathways were settled upon and how results from this were tied 
specifically into the other pillars. For example, did the SPR effort lead to these specific BBG&T efforts, 
which, in turn, were scaled up, tested, and fed to the refinery group? Or did the TEA/LCA analysis 
identify the primary focus of the BBG&T work? The thread on the POME work—from SPR, to bio-
blendstock generation, to fuel property testing—was clear. In other cases, the starting point was prior 
BETO work. If you could clarify how specific fuel pathways of interest were chosen in the BBG&T 
pillar, that would be helpful. 
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• The production of bio-blendstock and the validation of their properties is an important step toward 
achieving the goals of Co-Optima. The point that the team has managed to achieve the gallons 
production level is remarkable and indirectly indicated the scalability of the work being done. The 
addition of polymer compatibility testing is good to ensure that the fuel systems’ compatibility is 
maintained. Storage stability will improve the market uptake of the blends, and testing as a 20%–30% 
blend shows immediate application potential of the bio-blendstocks being proposed in the program. 
Overall, the approach of ensuring that compatibility and toxicity issues are evaluated would help in 
ensuring that outcomes are relevant for the industry. The progress and outcomes of the work are 
impactful and would assist in achieving DOE’s and BETO’s goals. 

• This project fills a critical role in the work stream of the Co-Optima Technology Area and is therefore 
well integrated into the program’s overall goals. This team fills a crucial and necessary niche as the 
intermediary between the SRP team that identifies molecules of interest and other teams that can then 
characterize and test bio-blendstocks. This team’s screening approach is very useful for the validation of 
previously modeled bio-blendstock properties; this mitigates overarching technology area risks and helps 
ensure that research and testing capacity elsewhere in the program is focused on the most promising 
products. This project has also built up the knowledge base on bio-blendstocks for partners within DOE 
and outside of it, as evidenced by the high degree of collaboration with BETO, university partners, and 
industry. 

• This team made great progress in assessing the fuel properties of upgraded HTL bio-oils and butyric acid 
polymers for use in MCCI scenarios. The team also provided important data for the next steps in 
TEA/LCA work for these blendstocks as well as POMEs and other ethers. Key management, outreach, 
and de-risking steps included close coordination with other national labs; generation of multiple peer-
reviewed publications; and regular engagement with Cummins, Virent, and other industry partners. 

 PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their time and effort, and we appreciate the overall comment that the 

BBG&T effort provides key value to the BETO program by providing samples for novel fuel evaluation, 
scale-up, and infrastructure testing, as well as handing off conversion data for cost and LCA that can 
inform ongoing and future efforts. We agree with the reviewer’s comment that the front-end feedstock 
supply chain is a key consideration for any new bio-blendstock. That scope of analysis typically falls 
within the domain of the Co-Optima ASSERT team, which is why it was not strongly highlighted in this 
presentation. We agree that future presentations would benefit from further emphasis of this critical 
linkage for each bio-blendstock. We appreciate the reviewer’s comment that each bio-blendstock would 
benefit from additional background rationale regarding why it was chosen. To the reviewer’s comment, 
blendstocks were chosen based on both SPR and TEA/LCA inputs, depending on the level of 
background information and fuel chemistry questions of interest that varied for a given pathway. As 
specific examples, based on SPR, we systemically varied the POME end groups to understand the impact 
on addressing water solubility limits and cetane number. For TEA/LCA, that motivated our approach to 
look at wet waste-derived HTL and food waste-derived volatile fatty acids to address feedstock cost and 
the potential for landfill methane diversion. Multiple reviewers commented on the importance and value 
of the polymer compatibility and oxidation stability work performed with new bio-blendstocks, which 
we appreciate. We also take note of the recommendation to consider pathways to biomass-derived 
antioxidants for future work. 
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BIOPRODUCTION AND EVALUATION OF RENEWABLE BUTYL ACETATE 
AS A DESIRABLE BIO-BLENDSTOCK FOR DIESEL FUEL 
Auburn University 

PROJECT DESCRIPTION 
Butyl acetate has various merits for being used as a 
bio-blendstock for petroleum fuels, particularly for 
MCCI applications. Butyl acetate’s high flash point 
makes it safe for operation as a diesel additive, 
whereas the low freezing point can help improve 
cold-flow properties of diesel with minimal impact on 
cetane number and the mixture’s heat of combustion. 
Also, as an oxygenated fuel, butyl acetate may lower the sooting propensity of a butyl acetate/diesel mixture. 
In this project, we target developing an integrated bioprocess for efficient butyl acetate production through the 
systematic genome engineering of Clostridium and the design of MicroNiche Engineering Technology (MNE)-
based cell immobilization process. Meanwhile, we evaluate butyl acetate as a desirable bio-blendstock for 
diesel through fundamental combustion and full-scale engine testing. 

Our engineered strain can produce 24.7 g/L butyl acetate in a batch fermentation process, which is 
approximately 2,900 times higher than the previously reported butyl acetate production through the biological 
route. We developed MNE biocatalysts that can provide consistently high butyl acetate yields, enhance toxicity 
resistance, and offer storage capabilities. The combustion experiments showed favorable impacts on butyl 
acetate ignition, liftoff length, sooting behavior, and burning rates. TEA and LCA results demonstrated the 
economic feasibility and environmental sustainability of our bioprocess, even based on the current butyl 
acetate production level. This project would provide strong evidence for producing bio-based butyl acetate to 
be used as a desirable blendstock for diesel. The developed technology could lead to an enabling industrial 
bioprocess in support of the bioeconomy. 

  

  

WBS: Auburn 

Presenter(s): Yi Wang 

Project Start Date: 10/01/2018 

Planned Project End Date: 12/31/2022 

Total DOE Funding: $1,999,990 



2021 PROJECT PEER REVIEW 

 

676 CO-OPTIMIZATION OF FUELS AND ENGINES 

  

  

Photo courtesy of Auburn University 
  

COMMENTS 
• This team shows impressive work on iterative systematic genome engineering to produce massive 

improvements in the Clostridium yield for butyl acetate. There is a clear description of the management 
workflow and responsibilities between Co-PIs and other DOE collaborators. There is a clear rationale for 
the droplet combustion experiments to produce quantitative results when only very small quantities of 
blendstocks are available. TEA and LCA results have demonstrated that feasibility and environmental 
targets can be met based on the current butyl acetate yields and corn stover hydrolysate feedstock. The 
team is pursuing high-impact journal publications as well as patent application and preliminary licensing 
discussions. 

• Management: The outline of the management and tasks are clear. Project risks are mentioned throughout 
the slides with mitigations. The team ensures clear and consistent progress with subteams and gathers 
external feedback to stay on track.  

Approach: The strain and process development all appear to be cutting edge; however, butyl acetate 
would appear to be eliminated as a diesel fuel blendstock by Co-Optima’s own criteria. Per the SPRs for 
the bio-blendstock identification presentation on day 1, slide 19 lists MCCI fuel property criteria, 
including a flash point >52°C, which precludes butyl acetate’s flash point at 22°C. Butyl acetate’s 
autoignition properties were previously investigated by Co-Optima as a spark ignition fuel and published 
in McCormick et al. (https://doi.org/10.4271/2017-01-0868). The cetane number of butyl acetate is 
approximately 10, as estimated by RON/cetane number correlation, as found in the SAE paper, and this 
is significantly less than the threshold of >= 40 criterion developed by Co-Optima for screening diesel 

https://doi.org/10.4271/2017-01-0868
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fuels. Regarding engine testing, droplet combustion studies are useful and can extrapolate to engine 
performance and support kinetic model development, as stated. Engine testing appears to be planned per 
the supplemental slides. Although ultrapure (>99.9%) butyl acetate may be quite expensive, commercial 
suppliers online, such as Sigma-Aldrich, list butyl acetate at levels of >99.7% on the order of $100–
$150/L. This grade of purity should be a suitable economic alternative for engine blending tests to 
provide the multi-liter quantities required. These model compound blending tests would supplement any 
engine testing requirements in anticipation of creating the 10.5 L of 95% butyl acetate for go/no-go No. 
2 diesel fuel and are suggested to begin in the near term.  

Impact: The development of the strain using SOA tools and dissemination via publications is valuable. 
Butyl acetate commercialization as a diesel fuel blend will likely be challenging due to the relatively low 
flash point and low cetane number, as noted.  

Progress: Progress toward the project goals of organism development and fuel droplet testing is 
progressing well, even during COVID. Given the availability of butyl acetate as a model compound, fuel 
properties (e.g., cetane number, energy density, flash point) and engine tests with butyl acetate blended 
in a standard No. 2 diesel fuel should commence as soon as feasible to assess the suitability of butyl 
acetates as a diesel blendstock and any associated blend-level limitations due to diminished properties 
below those specified in ASTM D975 above certain concentrations. 

• The goal of the project is to produce butyl acetate as a 10% treat rate fuel additive by genome 
engineering of solventogenic Clostridia, avoiding self-toxicity using MNE biocatalysts. Further, 
commercial butyl acetate will be blended with ULSD to study fundamental combustion and engine 
experiments as well as TEA/LCA. There were no direct quantitative metrics attached to these goals. The 
roles for the six major project tasks were outlined with dedicated project management responsibilities, 
monthly conference calls, and interactions with other relevant Co-Optima and BETO teams. There were 
no discussions regarding risks and mitigation plans. The team has the pioneered development of a 
subclass of proven clustered regularly interspaced short palindromic repeat techniques (Cas 9) for strain 
modification and has published their understanding of genetic engineering, which is the dominant 
technical gap hindering breakthrough rates for butyl acetate. The approach will be to adapt these 
techniques to solventogenic Clostridia for producing butyl acetate directly via batch extractive 
fermentation; followed by parallel screening for optimizing MNE biocatalyst composition; and, finally, 
combustion testing at the droplet, spray, and engine scales. The MNE concept and platform integrating 
materials science as biocatalyst polymer composites seem to be innovative. The droplet experiments 
allow surrogate butyl acetate blends to be examined at small nanoliter volumes and scales to spray 
flames. This appears to push the SOA for elucidating combustion kinetic routes from other approaches, 
such as shock tubes and flow reactors, due to the boundary constraints. The droplet experiments can be 
further validated through imaging techniques as part of the constant pressure flow rig.  

The team understands that their research allows for a new fuel product opportunity within the 
fermentative pathways across BETO and informs the strain/metabolic engineering community with 
important observations. The fuel and engine communities will have fundamental combustion information 
on the butyl acetate-based fuel blends, and several publications and patents have already been authored. 
The most significant impact will be the cost-effective purification and scale-up of butyl acetate. The 
team made significant progress in strain engineering toward the first go/no-go this summer. Metabolic 
fluxes for acetyl-Coenzyme A were improved, doubling the product alcohol titer in the presence of 
various promotors. By removing parts of prophage genetic sections and embedding the ATF1 enzyme in 
the cell walls, organisms could produce butyl acetate in concentrations almost five times higher. It seems 
like there are some real optimization opportunities with the MNE biocatalyst composite work to tailor 
and tune product distribution at higher initial titers than 5 g/L. The initial work looks very promising. It 
will be important to keep the stability and reliability of these systems high; there are already commercial 
applications and service conditions for MNE-biocatalysts that have demonstrated time on stream over 
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several years. The droplet combustion experiments could not detect any differences between the 
commercial and actual genome engineered butyl acetate-derived fuel blends. The team also saw no 
major difference in the 50% butyl acetate/heptane blends for visual soot formation. 

• The matrixed management structure of Co-Optima—which includes a board of directors, leadership 
team, steering committee, EAB, project manager, and technical team leads—is an effective arrangement 
to manage such a large and complex program with concurrent but related research happening across 
different pillars within the Co-Optima lab program and funded projects. It enables simultaneous R&D 
versus linear and iterative programs, allowing for a more compressed program with faster learning. The 
program also identifies risks and mitigation strategies. The management structure allows for 
communication and collaboration across related projects. For funded university projects, the overall 
matrixed management framework for Co-Optima with liaison to a Co-Optima advisor helps connect the 
funded projects to the broader Co-Optima initiative and allows for information sharing across the other 
projects.  

The development of integrated bioprocess for efficient butyl acetate production through strain 
development by systematic genome engineering and process development using biocatalyst composites 
(MNE technology or MNE biocatalysts) make this research interesting as a novel strain development and 
process technology, which leads to ways to mitigate toxicity from butyl acetate and increase yield that, in 
general, could also be applicable to other biological production processes of fuels and chemicals. So, the 
impact of the research is potentially multifaceted; however, the motivation for selecting butyl acetate as a 
fuel pathway to begin with was a bit unclear. It was clear that butyl acetate had certain desirable 
properties, such as a high flash point, low freezing point, and lower sooting potential based on the 
molecule; however, the presentation stated that there is a lack of direct evidence concerning the 
combustion performance of butyl acetate as a bio-blendstock for diesel. Was there any published or prior 
research on butyl acetate for use in diesel combustion, or was this a first effort? And if this is a first 
effort, could the research have started first with droplet and spray combustion evaluations of 
commercially available butyl acetate before any work was done on the biological approach? Some 
context on why butyl acetate was selected as a diesel fuel substitute would be helpful as well as some 
clarifications if any combustion work was done in advance with commercial butyl acetate before 
proceeding with the biological approach. Although the yields on a g/L basis were demonstrated to 
increase through strain engineering, and the tolerance to butyl acetate toxicity was higher on MNE 
biocatalysts than suspended cells, relatively speaking, the process streams would be fairly dilute with 
respect to butyl acetate and may be fairly water intensive and energy intensive from a separations 
perspective. Were these considerations factored into the TEA and LCA? The bench data suggest that 
synthetic and commercial butyl acetate perform similarly on droplet combustion testing, and spray 
combustion work was performed to characterize some fuel performance behavior; however, fuel 
performance in actual engines using butyl acetate does not appear to be part of the research. It would be 
helpful to understand how the research will ultimately be used to tie into the acceptability of butyl 
acetate as a bio-blendstock in commercial diesel. 

• This is a well-designed project that tightly integrates a variety of different work streams. The team has 
done a good job of identifying the biochemical pathway for producing butyl acetate and tailoring the 
microorganism through genetic engineering to improve the effectiveness of the conversion process. The 
feedstock selection and conversion process appears to be well integrated with GREET and suggests 
continued GHG reductions based on the efficiency gains from the choice of microorganism and 
catalysts. It would be helpful to clarify the intended next steps to improve the yield to reach the intended 
goal of 0.4 g of butyl acetate per g of sugar necessary to reach the cost and GHG reduction goals for this 
project. (Note for PI: To what extent is n-butyl acetate constrained by blend limits as with fatty-acid 
methyl esters? Should blending constraints be noted as a risk factor for the adoption of the bio-
blendstock?) 
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• This project makes a stronger case for bio-based butyl acetate as a chemical commodity than a diesel 
blendstock. I believe the PIs had some great science; however, the notion of a large amount of butyl 
acetate as a diesel fuel substitute is not credible. The projected economics indicated a competitive 
product in the chemical markets, but they are not convincing sustainable economics as a fuel blendstock, 
especially because the reference was a model fuel rather than actual diesel fuel. The project has merits, 
and the scientific execution is good, but I feel it is a poor fit for Co-Optima. My poor scoring reflects the 
latter, not the former. 

PI RESPONSE TO REVIEWER COMMENTS 
• The reviewer is correct about diesel. Our work is progressing in stages, with the common approach of 

testing a bio-blendstock mixture with simpler blends (surrogate fuels) before proceeding to the complex 
petroleum fuel—in this case, diesel. For the droplet and spray experiments, the tasks involve butyl 
acetate plus heptane as a basic mixture and, finally, butyl acetate plus diesel. We will test blends of butyl 
acetate with diesel in a later stage in a multicylinder engine. These plans are in progress. Engine studies 
are part of the project in the later stage. Results of the project will provide the information needed to 
make such decisions about adopting butyl acetate as a potential commercial additive to diesel. Note that 
the spray/engine studies are performed at near end-use test conditions, and results from them will 
determine butyl acetate’s acceptability in a commercial context. Regarding the comment that butyl 
acetate is “a poor fit for Co-Optima,” actually, as mentioned by another reviewer’s comments, there is 
not a clear demonstration for or against butyl acetate in diesel blend in the literature, which justifies the 
value of our project. We are unaware of any published research on butyl acetate combustion by itself or 
blended with any petroleum fuel such as diesel; however, there have been a few studies on butyl acetate 
in the context of catalytic burning and decomposition. And butyl acetate properties have been considered 
in the context of a wide range of other potential blendstocks for oxygenate blending (BOBs) (i.e., 
McCormick et al).  

A reviewer also commented that there were no direct quantitative metrics attached to some of our goals. 
We have clear metrics for the butyl acetate production tasks. For tasks related to combustion and engine 
testing, we measure the soot production in the test chamber for different fuels using two-color pyrometry 
to quantify the effects of butyl acetate blends. We will use the following diagnostics to quantify soot 
concentration in engine testing, including the AVL Smoke Meter for filter smoke number, the TSI 
Engine Exhaust Particle Sizer spectrometer for particulate size distribution, and the Sierra system for 
particulate sampling and weight measurement.  

Risks of the research were inherent in the main tasks: butyl acetate production and at scale, and butyl 
acetate ignition and burning. Within each of these broad tasks exists a wide range of mitigation 
strategies. For example, if we were unable to ignite butyl acetate by spark discharge in droplet 
experiments, we would have explored alternative means, such as autoignition in a high-temperature gas. 
And our production capabilities have significantly improved during the project, from our initial grade of 
butyl acetate containing approximately 5% byproducts to our most recent efforts in which the impurity 
has been reduced to approximately 3%. Regarding the comment that “the cetane number of butyl acetate 
is approximately 10 estimated by RON/cetane number correlation, as found in the SAE paper, and this is 
significantly less than the threshold of >= 40 criterion developed by Co-Optima for screening diesel 
fuel,” based on our communication with Co-Optima investigators in national labs, the cetane number of 
butyl acetate is somewhere closer to 20, but it is not conclusively established. In our initial tests, we are 
not seeing a significant impact to ignition, which is a metric of initial ignition and may be correlated with 
cetane number; however, as the flame liftoff length is increased, the mixing-induced soot reduction is 
likely multiplying the oxygenation effect. It needs to be strongly stated that simple cetane number-based 
guidance for fuel selection may not be as clear-cut in diesel engines in contrast to RON, MON, Octane 
Index, etc., criterion for spark ignition engines, where ignition is driven by spark. The work by 
McCormick does show results of butyl acetate in RON/MON tests and demonstrates minimal increased 
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sensitivity as a blend compound, but that result is not transferable to MCCI, in our opinion 
(https://doi.org/10.4271/2017-01-0868). For the target of improving butyl acetate yield to 0.4 g of butyl 
acetate per g of sugar, we have identified that further improvement of reducing the power availability 
and enhancement of the precursor availability (especially for butanol) through genome engineering of 
the strain would have significant contributions to further improving butyl acetate yield to our targeted 
metrics. In addition, the further optimization of the fermentation condition would help as well. 

https://doi.org/10.4271/2017-01-0868
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INTRODUCTION 
The Data, Modeling, and Analysis (DMA) Technology Area is one of 12 technology areas that were reviewed 
during the 2021 Bioenergy Technologies Office (BETO) Project Peer Review, which took place virtually 
March 8–12, March 15–16, and March 22–26, 2021. A total of 23 presentations were reviewed in the DMA 
session by six external experts from academia, nonprofits, and other government agencies. For information 
about the structure, strategy, and implementation of the technology area and its relation to BETO’s overall 
mission, please refer the corresponding Program and Technology Area Overview presentation slide decks, 
which can be accessed here: https://www.energy.gov/eere/bioenergy/2021-project-peer-review-data-modeling-
and-analysis. 

This review addressed a total U.S. Department of Energy (DOE) investment value of $32,205,000, which 
represents approximately 4.8% of the BETO portfolio reviewed during the 2021 Peer Review. During the 
Project Peer Review meeting, the presenter for each project was given 15 to 45 minutes to deliver a 
presentation and respond to questions from the Review Panel.  

Projects were evaluated and scored for their project management, approach, impact, and progress and 
outcomes. This section of the report contains the Review Panel Summary Report, the Technology Area 
Programmatic Response, and the full results of the Project Review, including scoring information for each 
project, comments from each reviewer, and the response provided by the project team.  

BETO designated Alicia Lindauer as the DMA Technology Area Review Lead, with contractor support from 
Camryn Sorg (Boston Government Services, LLC). In this capacity, Alicia Lindauer was responsible for all 
aspects of review planning and implementation. 

 

 

DATA, MODELING, AND ANALYSIS REVIEW PANEL 
Name Affiliation 
Kevin Fingerman* Humboldt State University  

Kristen Lewis U.S. Department of Transportation  
Volpe National Transportation Center 

Max Broad Independent consultant  

Nikita Pavlenko International Council on Clean Transportation 

Amy Landis Colorado School of Mines 
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* Lead Reviewer 
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DATA, MODELING, AND ANALYSIS REVIEW PANEL SUMMARY 
REPORT  
Prepared by the Data, Modeling, and Analysis Review Panel 

INTRODUCTION 
The BETO DMA Technology Area offers a strategic and valuable portfolio to DOE, to the industries that 
comprise the bioeconomy, and to the broader national and global sustainability agenda. The Peer Review of 
this program took place during 4 days, March 9–12, 2021, with 24 principal investigators (PIs) presenting their 
research to a six-person Review Panel. This report synthesizes the panel’s impressions of the program as a 
whole—especially its strategic management in pursuit of program goals—and offers targeted 
recommendations for future direction. 

The 2021 Peer Review of the DMA Program (referred to here as the Analysis Program) presented an 
impressive portfolio that is a making critical contributions toward its stated goal to “develop science-based 
strategies to understand and enhance the environmental, economic, and social benefits of advanced bioenergy 
and bioproducts relative to conventional energy systems.” Throughout the Peer Review process, PIs and 
program staff have demonstrated how this portfolio builds the knowledge base necessary to advance a 
sustainable bioeconomy, exhibiting a mix of projects ranging from broad bioeconomy models to more granular 
analytical and field-based projects focused on a specific technology or indicator. 

The DMA Program portfolio continues to be very diverse and strong, and it ties in well to strategic BETO 
goals. Many of the projects are on the leading edge of work in the field, with some, such as the Biofuels 
Information Center and the Biofuels National Strategic Benefits Analysis, offering key resources for the U.S. 
bioeconomy as a whole; others, such as the Greenhouse Gases, Regulated Emissions, and Energy Use in 
Technologies (GREET) model, provide critical methodological rigor for policy application at local to global 
scales. The program is strategic in responding to changing priorities/needs in the bioeconomy, including an 
expanded focus on ecosystem services, marine and aviation fuels, carbon capture, and biomaterials, as 
evidenced by projects such as the Bioeconomy Scenario Analysis project and the study of Multi-Input, Multi-
Output Biorefineries. 

The Review Panel was very impressed with both the individual projects and with the program as a whole. We 
thank the PIs for their creative, rigorous, and innovative contributions to a sustainable bioeconomy. We also 
want to commend the program managers for their strategic and responsive approach to managing across the 
portfolio. 

STRATEGY 
The Analysis Program portfolio displays a coherent and well-considered strategy that is doing tremendous 
work to advance the state of modeling, knowledge, and sustainability of the bioenergy industry. This strategy 
is structured around providing tools and analysis to support strategic investments in other BETO technology 
programs while also ensuring that existing and emerging bioeconomy pathways deliver on sustainability goals, 
particularly through the provision of ecosystem services.  

The panel commends the Analysis Program for its clear, strategic focus on emerging technologies in the 
bioeconomy space. In particular, programmatic investments in pathways targeted at marine and aviation fuels, 
waste-to-energy (WTE) systems, woody residues from forest restoration, and nonfuel biomaterials indicated a 
sophisticated understanding of the shifting bioeconomy landscape. We note that this could be augmented with 
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additional focus on emerging WTE pathways, such as uses and markets for woody residues, as well as support 
for bioenergy with carbon capture and storage. 

A number of the projects in the technology area include engagement with industry stakeholders involved in the 
bioeconomy. The Review Panel recommends further effort to engage with other types of stakeholders—
particularly nongovernmental organizations (NGOs) and policymakers—and to do so in a more coherent 
fashion to elicit strategic input at the programmatic rather than the project level. One approach might be to 
support social science research using interview or survey methods to rigorously collect strategic insights into 
emerging challenges in the bioeconomy from a range of stakeholder groups. This could aid in answering 
questions related to barriers to the uptake of new technologies and ideas, whether among farmers, industry, or 
policymakers. 

Program managers could also consider convening a stakeholder advisory panel to inform program and project 
strategy. This could aid not only in informing the program’s work but also in elevating its visibility and 
impact. Many of the projects and tools in the program’s portfolio have clear policy applications, and in some 
cases, they are being applied. But in others, there seems to be a gap between research and adoption. This is not 
an indictment of the PIs, their work, or the program managers because this is a very common challenge, but 
organized stakeholder engagement at the programmatic level could aid in bridging this gap. Projects such as 
the Biofuels National Strategic Benefits Analysis are very policy relevant, and it is important that the 
program’s findings and tools make their way into the hands of, for example, analysts at the Congressional 
Research Service. Application in these contexts would not only make good use of good work but would also 
reinforce for decision makers the value of this portfolio. 

Two facets of sustainability—environmental and economic—are very well represented in the program research 
portfolio; however, the Review Panel agreed that the program would benefit from a renewed focus on social 
sustainability, including equity and environmental justice. The Peer Review presentations suggest that the 
program is already taking some of these issues into consideration; the justice, equity, diversity, and inclusion 
(JEDI) tool is a good start to quantify the economic opportunities from bioenergy, and some projects have 
assessed the air pollution impacts of bioenergy or the health impacts of biomaterials. To better assess these 
impacts, it may be necessary to take a more intentional, centralized approach to map out and model the key 
socioeconomic, environmental, and health trade-offs of expanding the bioeconomy. Further, this approach 
could identify which groups would bear the burdens or benefit from the transition. 

We do not suggest making this a general project criterion because this would divert funds from each team’s 
core competencies while leading them to attempt analyses without the requisite coordination or expertise. 
Energy justice is a field unto itself, and BETO would do well to hire, fund, and elevate its experts rather than 
append an environmental justice lens to existing efforts. This is an area of growing attention in energy systems 
and in society writ large, and the Analysis Program is well positioned to foster thought leaders in addressing it 
for the bioeconomy. In addition, equity and energy justice should not be relegated only to research but woven 
into the fabric of the research teams themselves and the program as a whole. BETO and the Analysis Program 
should provide support and training to ensure that research teams employ inclusive practices in their 
collaborations and operations and that stakeholder engagement processes are engaging diverse participants. 

STRATEGY IMPLEMENTATION AND PROGRESS 
The projects in the DMA Program are closely tied to and aligned with the program’s strategic direction. The 
majority of the projects in the program are exceptionally well integrated and supportive of each other and of 
the program’s overarching mission. Numerous projects have demonstrated that they have developed tools that 
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are in wide use by policymakers, industry, and academia. This suggests that the program area is on the leading 
edge of work in the field and is providing valuable tools for decision making. 

One area in which the program seems to be focusing and making good progress is in coordination across its 
portfolio. The Sustainable Land Management Working Group seems to be an example of this, and it is an 
excellent initiative. It is clear that program management has worked to encourage sharing data sets, practices, 
and mutually reinforcing rather than duplicative efforts. Many of the studies in the portfolio depend on this 
coordination across research teams. Projects such as the National Strategic Benefits Analysis and others 
depend on many research teams feeding data into a single analysis. This leverages existing work and is a useful 
approach, but it should be carried out in a limited and organized fashion to avoid “engagement fatigue” across 
research teams. 

One area in which coordination is particularly important, if also particularly difficult, is the integration of 
modeling efforts with one another and with field pursuits. Because the Analysis Program supports such a 
modeling-intensive portfolio, it is critical to ensure that where possible, the models are aligned with one 
another and are working from a consistent set of assumptions. Moreover, in some cases, it can be difficult to 
separate out the new analytical work from the use of existing models and resources. It would be helpful in the 
future to more clearly delineate the unique contents of a given project from the existing resources within the 
portfolio. Given the amount of model scope overlap, explicitly addressing this through deliberate model 
intercomparison and meta-analysis can turn a potential liability into a strength. We are encouraged by the 
strides made in cross-portfolio coordination since the last Peer Review, and we suggest that these efforts be 
further strengthened. 

While working to harmonize across the different models in the portfolio, we also recommend that the Analysis 
Program continue to pursue strategic field studies to better parameterize its models. Models require empirical 
validation and parameterization, while field studies require models for generalization and scale-up. In this way, 
these types of research can be mutually supportive if structured intentionally to leverage one another. 
Designing these field studies offers another opportunity to encourage collaboration across modeling teams 
because research questions and study sites could be designed explicitly to address key uncertainties and 
sensitivities identified by the Analysis Program’s model portfolio. 

It was clear to the Review Panel that projects awarded via open funding opportunity announcements (FOAs) 
brought important perspectives, novel thinking, and innovative approaches to bear on BETO goals, and the 
panel encourages program staff to continue seeking to leverage the significant expertise outside of the national 
labs; however, outside projects did not appear to be as well integrated with other BETO efforts as those funded 
as part of the program’s annual operating plan. It is also important that the competitively funded researchers be 
able to place their work in the context of the ongoing BETO portfolio to leverage and add value to existing 
work as well as ensure that the products of each project will contribute to ongoing efforts across the BETO 
portfolio.  

The Analysis Program portfolio supports an impressive diversity of topics across the bioenergy sector, with 
projects that engage varied stakeholder groups, from farmers and landowners to industry. The funded projects 
indeed represent the leading edge of research in the field, and progress to advance the state of the art (SOA) 
through innovative research areas was evident even since the 2019 Peer Review. Overall, the Analysis 
Program is making good progress toward the goals stated in its Multi-Year Program Plan. In particular, the 
focus of several projects on quantifying ecosystem services provided by integrated biomass cropping systems 
has made significant progress toward the 2030 goal of “verify[ing] at least two biomass production systems at 
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field scale that provide ecosystem services which, when valorized, equate to at least a 10% reduction in biofuel 
MFSP [minimum fuel selling price].” 

RECOMMENDATIONS 
The Review Panel has conferred and has arrived at the following key recommendations to further strengthen 
the Analysis Program’s efforts in support of a sustainable bioeconomy. 

1. Harmonize across models within the BETO portfolio. 
Because the Analysis Program supports such a modeling-intensive portfolio, it is critical to ensure that where 
possible, the models are aligned with one another and are working from a consistent set of assumptions. Given 
the amount of model scope overlap, explicitly addressing this through deliberate model intercomparison and 
meta-analysis can turn a potential liability into a strength. We are encouraged by the strides made in cross-
portfolio coordination since the last Peer Review and suggest that these efforts be further strengthened. 

Model overlap is not necessarily a problem because it can lead to more rigorous characterization; however, the 
program should leverage its model portfolio by supporting meta-analysis efforts to generate harmonized 
findings and to quantify uncertainties. In cases where it is feasible, it would be beneficial for the modeling 
teams to develop a systematic approach to compare their results and assumptions. This would help to ensure 
narrative consistency of BETO’s messaging as well as enhancing the rigor of its models.  

2. Continue/expand field research to ground-truth models and analyses. 
While working to harmonize across the different models in the portfolio, we also recommend that the Analysis 
Program continue to pursue strategic field studies to better parameterize its models. Some of the strongest 
work in the Analysis Program portfolio utilizes fieldwork to provide ground-truthing and empirical 
parameterization for models. On the other hand, field studies alone are of limited utility without models to 
enable generalization and scale of impact. In this way, these types of research can be mutually supportive if 
structured intentionally to leverage one another. Designing these field studies offers another opportunity to 
encourage collaboration across modeling teams because research questions and study sites could be designed 
explicitly to address key uncertainties and sensitivities identified by the Analysis Program’s model portfolio. 
In this way, regular and coordinated ground-truthing could strengthen the program’s model portfolio overall. 

While we encourage further field study in support of the Analysis Program’s model portfolio, we also 
recognize that BETO’s scope to fund field studies is limited and variable, especially in light of potential for 
overlap with various research efforts supported by the U.S. Department of Agriculture (USDA). This could be 
an area for interagency coordination to ensure that research programs are mutually supportive in key priority 
areas, such as climate change, soil and water resource conservation, and ecosystem service provision. 

3. Increase support for social science research, including a focus on equity and justice. 
Many of the scientific studies in the Analysis Program portfolio have clear policy applications; however, there 
seems to be a recurring gap between research and adoption. More support for research employing social 
science methods (beyond economics) could be a useful supplement to increase the efficacy of the existing 
portfolio. This could aid in answering questions surrounding barriers to the uptake of new technologies and 
ideas, whether among farmers, industry, or policymakers. Moreover, this could be an area of comparative 
advantage and impact for the Analysis Program within the broadly technology-oriented BETO portfolio. 

Moreover, as BETO moves to advance the bioeconomy, it is critical to ensure that emerging systems reduce 
rather than duplicate or exacerbate inequities present in the fossil fuel-driven economy. The Peer Review 
presentations suggest that the program is already taking some of these issues into consideration, but we 
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encourage program managers to support organized efforts on the equity and justice implications of emerging 
bioeconomy systems. These efforts should be carried out by one or more dedicated project teams rather than 
being added as an additional task to existing projects. We recommend the development of a social 
sustainability/equity “home” in the Analysis Program portfolio, with a team comprising true subject experts in 
energy and environmental justice, that could collaborate across the program to support research into equity, 
justice, and other aspects of social sustainability across the broader BETO portfolio. This effort should also 
include support for any necessary internal work to address equity and inclusion in BETO’s operations, 
processes, and research teams. 

 

DATA, MODELING, AND ANALYSIS PROGRAMMATIC RESPONSE 
INTRODUCTION 
The DMA program would like to thank the Review Panel for their time and effort during the review process 
and for their careful review of the portfolio. The team appreciates some of the smaller recommendations, such 
as engaging more with stakeholders to help facilitate the uptake of research findings and continuing to award 
projects outside of the national labs when possible. The recommendations from the Review Panel will be 
discussed and taken into consideration when working on future project selection and program design, as future 
appropriations allow. 

Recommendation 1: Harmonize across models within the BETO portfolio. 
The DMA team appreciates this recommendation and agrees that ensuring models are working from a 
consistent set of assumptions to the extent possible is a potential strength of BETO’s diverse modeling 
portfolio. The program also appreciates the recognition that there has been work done since the 2019 Peer 
Review to try to encourage more harmonization and to clarify the links between different models in the 
portfolio. It can be difficult to set aside time so that every modeling team can meet and agree on consistent 
assumptions when models are in different phases of development, but the team intends to keep working in this 
area.  

The DMA team has previously held biannual summits with as many of the modelers as possible to address 
concerns like harmonizing assumptions. The most recent of these meetings took place shortly after the 2021 
Peer Review and included additional discussion about how to harmonize assumptions in several key models as 
well as potentially come up with a set of standard conditions that modelers can reference for different scenario 
runs, similar to existing assumptions used by the International Panel on Climate Change and other international 
groups. Moving forward, the DMA team will work with relevant projects to increase communication between 
modeling teams and harmonize and coordinate where possible. 

Recommendation 2: Continue/expand field research to ground-truth models and analyses. 
Field studies play an important role in better understanding the sustainability of biomass systems, and the 
DMA team agrees that they are an impactful use of government funding. The decarbonization of the 
agricultural sector is expected to be a research priority for BETO in coming years, which is an area that would 
be significantly enhanced by collecting data in the field. Because field studies last longer than a typical project 
funded by DMA, they require a larger budget and more planning to implement. These factors may make it 
difficult to commit to funding anything new in this area until out-year budgets are released, but the DMA team 
will make every attempt to collaborate with other entities and encourage field research where possible.  
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DMA’s largest current investment in field studies are the three selections (totaling $9.2 million) made in July 
2020 under the Biomass to Restore Natural Resources (BioRestore) topic area of BETO’s Fiscal Year 2020 
Multi-Topic solicitation. More information about each of the selected projects can be found here. These 
projects aim to enable the quantification and valuation of ecosystem services to support BETO’s goal of 
$2.50/gallon gasoline equivalent (GGE), but because they were all still in the negotiation phase at the time of 
the review, they did not present to the Review Panel. These projects will be reviewed in 2023 and represent an 
important part of DMA’s portfolio going forward. 

Recommendation 3: Increase support for social science research, including a focus on 
equity and justice. 
BETO as a whole has committed to better integrate JEDI principles into the office’s goals and practices, and 
the DMA team is also committed to focusing more attention in this area. In addition to this recommendation, 
the DMA team especially appreciates the Review Panel’s thoughtful comments on this recommendation during 
the review itself. BETO and the DMA team recognize that these areas represent complex challenges and that 
they deserve a thoughtful response designed to result in impactful changes. In addition to the JEDI principles, 
the DMA team agrees that there is a role for incorporating social science principles into the portfolio, and they 
are open to adding more work in this area as allowed by the program budget. 

Based on internal conversations as well as this recommendation from reviewers, the DMA team is running a 
topic in the annual national lab call for proposals for FY 2022 focused on generating a full picture of the 
impacts of JEDI principles on the bioenergy supply chain. Based on recommendations from the Review Panel, 
the intent of this 1-year project would be to better understand where BETO can focus efforts in these areas and 
create a coordinated response to areas of high need going forward. The DMA team agrees that a single team 
working on addressing these issues will be a more impactful than having projects attempt to integrate them 
individually. Similar to the panel’s first recommendation, it will be critical for the DMA team and all of BETO 
to plan an active role in coordinating efforts in this area. 

In addition to incorporating a consideration of JEDI into the research portfolio, BETO is also participating in a 
number of internal DOE efforts to better incorporate these principles in internal processes, such as proposal 
selection and reviewer and subject matter expert identification.  

  

https://www.energy.gov/eere/bioenergy/bioenergy-technologies-office-closed-funding-opportunities#2020_9
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GREET DEPLOYMENT AND BIOFUEL PATHWAY RESEARCH AND 
ANALYSIS 
Argonne National Laboratory 

PROJECT DESCRIPTION 
With BETO support, Argonne National Laboratory 
(ANL) continues to develop the GREET model to 
conduct life cycle assessments (LCAs) of 
biofuel/bioproduct pathways to holistically quantify 
the energy and environmental effects of production 
and the use of biofuels and bioproducts. GREET and 
its results have been used by BETO and other agencies/organizations to provide information about the energy 
and environmental implications of biofuel/bioproduct systems to help guide research and development (R&D) 
and policy decisions. Companies have also been using GREET and results for prioritizing R&D and bioenergy 
technology deployment. With this project, ANL has been developing the GREET model with consistency and 
transparency to provide BETO and the bioeconomy community with rigorous, reliable, and timely results in 
response to key questions regarding biofuel/bioproduct energy and environmental sustainability. 

ANL’s key accomplishments since March 2019 include:  

1. Adding new biofuel and bioproduct pathways and updating baseline pathways; for example, including 
a few electro-fuel production pathways with carbon dioxide (CO2) utilization, expanding aviation and 
marine modules in GREET, and continuing supply chain sustainability analysis. 

2. Developing the International Civil Aviation Organization (ICAO)-GREET to estimate carbon 
intensities of sustainable aviation fuel production pathways for ICAO Carbon Offsetting and 
Reduction Scheme of International Aviation (CORSIA). 

3. Addressing soil organic carbon changes from land management change (besides land use change) for 
biomass farming by expanding the Carbon Calculator for Land Use Change from Biofuels (CCLUB) 
module in GREET. 

4. Conducting LCA of CO2 utilization for electro-fuel production pathways so that low-carbon liquid 
fuels from waste CO2 streams and renewable electricity can help deep decarbonization of 
transportation.  

GREET has been an integral part of BETO analysis to address bioenergy sustainability with consistent, 
complete modeling of the bioenergy supply chain with close interactions with other national labs (including 
the National Renewable Energy Laboratory [NREL], Pacific Northwest National Laboratory [PNNL], and 
Idaho National Laboratory [INL]), agencies, and key stakeholders. ANL has published extensively to 
document data, methods, and results of GREET model development and applications. At present, there are 
more than 43,000 registered GREET users globally, with key users including governmental agencies, 
conventional and renewable energy companies, universities, and research institutions. 

WBS: 4.1.1.10 

Presenter(s): Michael Wang 

Project Start Date: 10/01/2020 

Planned Project End Date: 09/30/2023 

Total DOE Funding: $3,175,000 
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Photo courtesy of ANL 

COMMENTS 
• GREET continues to be a flagship model for DOE BETO and, as such, is a critical resource for 

researchers, fuel producers, and regulatory bodies throughout the country and globally. The approach is 
clearly outlined both technically and in terms of where GREET sits in relation to other BETO models, 
external models, and external efforts. There has been clear and extensive progress in adding new 
pathways/technologies and updating data in GREET in the review period. The new work on temporal 
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carbon effects of woody biomass is an important layer of detail to take into account in greenhouse gas 
(GHG) LCA. The addition of “e-fuels” to GREET is an important expansion given the growing interest 
in fuels in this area. The inclusion of specific performance metrics on downloads, etc., were helpful for 
evaluating progress. Given the expanding complexity and size of GREET, it would be helpful to know if 
there has been any evaluation of whether it makes sense to transition GREET away from Excel to some 
other open-source platform or if Excel is still the best primary platform. 

• GREET has become the industry standard LCA tool, and its targeted and specific scope is a strength as it 
facilitates impact. The PI is also a masterful communicator, clearly describing the approach and 
importance of their work. I appreciate their focus on pushing the tool’s scope in the direction of 
emerging technologies, such as WTE, bioplastics, and CO2 utilization. It was not immediately clear what 
scope this project is versus ongoing programmatic GREET support. If programmatic, that might be a 
good thing, allowing the GREET team to strategically broaden and deepen its tool rather than constantly 
responding to changing winds. As suggested in the last Peer Review, it would be worthwhile to support a 
concerted peer review effort to refine and test the GREET model’s assumptions and inputs. 

• GREET has contributed major benchmark support to a diverse array of collaborators. The number of 
developments (pathways and modules) in just the past 2 years is impressive, let alone prior to this 
funding cycle. The presentation clearly articulated all major aspects of this review, with emphasis on 
how the project addresses BETO key research areas and key topics—an impressive feat, given the 
complexity and number of collaborations. The user base analysis was helpful to understand the impact of 
the GREET tool across multiple axes, number of users, geographic locations, and stakeholder sector. 

• It is good to see GREET supporting the office’s work around aviation, marine, deep decarbonization, and 
plastics. 

• The GREET team has done a phenomenal job developing a model that is as comprehensive as it is well 
regarded and widely used. This project delivers on its stated goal of quantifying the outcomes from 
different bioenergy and bioeconomy products while also doing an excellent job of making the modeling 
framework and results accessible to a wide audience, which is very clear from the list of partners and 
model download data shared by the presenters. The usage metrics provided in the presentation illustrate 
this project’s growing success and influence within the community. Further, the ongoing work to update 
the model to match progress with its covered technologies and to expand its scope of coverage is critical 
to its continued relevance. A few notes of caution, however. It is critical that the modelers take the 
opportunity to validate the model assumptions and results against real-world data as part of a systematic 
approach. It may be necessary to regularly conduct sensitivity analyses and investigate how assumptions 
in GREET may be influencing the results or causing them to diverge from real-world findings (for 
example, for soil carbon changes in CCLUB). Further, the expansion to cover more nonfuel biomaterials 
is potentially risky, particularly in cases where the scope and assumptions for product use and lifetime 
differ from fuels because it may introduce additional complexity and layers to what is already a very 
complex model. 

• The integration of the wide range of other BETO models and inputs is impressive. The impact of the 
project is clearly high—from extensive stakeholder engagement (43,000 users, wow!), to the expansion 
of the modeling capabilities, to the increasing growth in users. The approach related to the bioproducts 
portion of the work was not well described. It would be nice to see more on how the bioproducts 
pathways were developed. As you build out more bioproducts, be sure that you are collaborating with the 
USDA. Same for buildings: Work with NREL and Lawrence Berkeley National Laboratory (LBNL) and 
the U.S. Green Business Council. As you develop “extensive databases” (per your presentation), 
investigate ways to make those databases available in other LCA software environments or databases, 
like the Federal LCA Commons. 
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PI RESPONSE TO REVIEWER COMMENTS 
• We appreciate the reviewers’ recognition of the contribution of ANL’s LCA for the BETO program and 

the GREET model development and the advances made during the past 2 years. The ANL team is 
committed to continuing to provide timely and high-quality LCA results in support of BETO programs. 

• In response to the reviewer’s question regarding whether ANL has evaluated if it makes sense to 
transition GREET from Excel to another platform: Yes, we have given this considerable thought and 
took steps in this direction with the creation of GREET.net. Nonetheless, we anticipate maintaining 
GREET Excel based on user feedback. GREET has been expanded significantly since its first version in 
Excel in 1995. Although Excel is transparent in presenting data and results, calculation logic and 
configuration of simulation pathways/options in Excel are difficult to follow and execute. In the early 
2000s, we began to make efforts to add extensive user interfaces inside GREET Excel to help users make 
simulation choices and follow through data, calculation logic, and results. In the mid-2000s, we further 
began to develop GREET in the .net programming platform. The .net platform for GREET is designed 
with dynamic picking and dropping functions that users can readily configure simulation options and get 
results; however, the extensive databases built in GREET are not as transparent in the .net platform as in 
the Excel platform. We initially envisioned that we would eventually stop the Excel platform for GREET 
to move it completely to the .net platform. But many GREET users (some of whom are intensive 
GREET users) continued to use the Excel platform and asked us to continue to maintain the Excel 
platform; thus, we have maintained the two modeling platforms for GREET for more than 15 years. 
Nonetheless, many new GREET users in fact use the .net platform. Although it is time consuming to 
maintain the two parallel GREET modeling platforms, we have found that the development and 
maintenance of the two platforms give us a unique opportunity to cross-check GREET expansion for 
quality assurance/control; thus, we will maintain both platforms for the foreseeable future. Both are 
open-source platforms where users can expand LCA simulation options and conduct LCA simulations, 
which are free of charge to download from the GREET website (https://greet.es.anl.gov/). 

• Thank you for requesting additional information regarding this project versus programmatic support of 
GREET. This project is one of three core projects contributing to the further development of GREET; 
the others are through the Vehicle Technologies Office and the Hydrogen Fuel Cell Technologies Office. 
Other projects further contribute to the development of new pathways in GREET. The core GREET LCA 
efforts have two integral parts: LCA research efforts and GREET model development. LCA research 
efforts at ANL are essential to our services to DOE programs to provide holistic energy and 
environmental results of energy technologies, including biofuel technologies. The results of our LCA 
research for DOE (and other agencies) are rolled into the GREET model, with new fuel pathways, new 
data, revised modeling approaches, and programming enhancements, so that GREET users can benefit 
from our LCA research results with hands-on LCA simulations using the GREET model. Our GREET 
LCA project for BETO—as for other DOE programs, such as the Vehicle Technologies Office and the 
Hydrogen Fuel Cell Technologies Office—focuses mainly on LCA to characterize new technologies and 
to address emerging issues for aspects of their LCA modeling. Each summer, we incorporate new LCA 
research results from the fiscal year for a new GREET release in October. GREET model development 
and programming is usually a small portion of our LCA project efforts. 

• GREET has been expanded significantly in the past 15 years, with new energy production pathways, 
vehicle technologies, and end-use sectors. We also continue to address emerging LCA issues so that 
GREET can generate comprehensive, reliable results. GREET pathways are reviewed every time when 
we complete LCA research of specific pathways through peer review of our publications documenting 
data, methodology, and results, and by cross-checking new programming features in GREET between 
the Excel and .net modeling platforms; however, we have not had a complete GREET model review 
since the mid-2000s, when a review was done externally. Review of the GREET model with such broad 
coverage of energy systems, vehicle technologies, and end-use sectors requires significant resource 
commitment by DOE, as well as reviewers with both broad LCA expertise and in-depth knowledge of 

https://greet.es.anl.gov/
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the technologies and end-use sectors. That said, a review of LCA modeling of specific, critical 
technologies in GREET, if not the entire GREET model, can be done with some limited resource 
commitment. 

• The reviewer’s point about validating GREET model assumptions and results against real-world data is 
one we take very seriously, which is the subject of constant discussion and updates within our group. 
There are key experts in our group responsible for each of the pathways in GREET, and we monitor the 
literature for new data to inform the pathways. These data are considered for updates to key parameters 
during each GREET release and are documented in GREET release memos. New pathways and 
significant changes to pathway models are published in peer-reviewed articles. Nonetheless, this is a 
struggle, in general, for the field of LCA. The nature of LCA that covers the entire supply chain of a 
fuel/product makes the validation of LCA results with measured data impractical because there are no 
reported/measured results for the entire supply chain of a fuel/product; however, data for key stages of a 
supply chain are indeed available, and we regularly use these to validate key input data in GREET. For 
example, for the corn ethanol supply chain, fertilizer use in corn farming and energy use in ethanol 
plants are two key input parameters and are reported in government statistics and in private 
benchmarking database. We validate key GREET input parameters with such data from agencies and 
industry sources. We use government statistics, such as U.S. Energy Information Administration’s data 
on the energy use of various sectors and the Environmental Protection Agency’s (EPA’s) emissions data 
from its annual emissions inventory report in the annual release of the new GREET version. Further, we 
periodically validate specific fuel pathways with up-to-date input data. For example, we used the USDA 
farming data and an ethanol plant benchmarking database in 2020 to update corn farming inputs, corn 
yield, ethanol plant energy use, and ethanol product yield between 2005 and 2019 for corn ethanol 
pathway simulations. We documented the update in a forthcoming journal article, and the results will be 
incorporated into GREET 2021. At present, we are conducting a similar effort to update and validate 
biodiesel and renewable diesel pathways in GREET. 

• The soil organic carbon changes calculated in CCLUB are based on simulation results with the Century 
model, which was originally developed at Colorado State University in the early 1990s. The model has 
been validated with measured soil organic carbon associated with different soil types, climate regions, 
and diverse farming practices. Further, in the past few years, we took extra steps to collaborate with 
several organizations specialized in soil sciences and agronomy (e.g., USDA Agricultural Research 
Service in Iowa and Minnesota, and South Dakota State University) and conducted meta-analyses of the 
literature and/or open-source database for soil organic carbon changes and N2O emissions in Midwest 
states. With the meta-analysis results, we validated soil organic carbon changes simulated with the 
Century model and adjusted soil N2O emissions in CCLUB and GREET. 

• Expansion of GREET from fuels LCA to products LCA has been an effort for more than 5 years at ANL. 
This was driven by BETO’s new R&D efforts in the chemicals and plastic area. LCAs of fuels are 
somewhat straightforward with their combustion to end their lives. Chemicals, especially plastics, may 
not be destroyed at the end of their use. The fate of these products is important in their LCA, especially 
when we examine life cycle GHG emissions. In these cases, we track down fates of products after their 
uses, such as their degradation and decomposing, so that environmental releases such as methane 
emissions are captured in product’s LCA. For all the pathways implemented in the GREET model 
(biofuel or bioproducts), we have peer-reviewed documentation available on the GREET website 
(https://greet.es.anl.gov/publications). The intent with these documents is not only to have the pathway 
descriptions and explanation of the methodology and data source but also to present sensitivity analyses 
results, which help understand the variability in the results led by key parameters. The need for constant 
monitoring of LCA models requires the continued support of GREET, which plays a critical role in 
harmonizing and providing consistent and accurate data, allowing comparisons across the technologies 
in which DOE invests. 

https://greet.es.anl.gov/publications
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• We appreciate the reviewers’ interest in our work on bioproducts, plastics, and chemicals. Our LCA of 
products, including chemicals and plastic, benefits from our ongoing collaboration with other national 
labs, including NREL, PNNL, and LBNL. We also collaborate with industry stakeholders, such as 
member companies of the American Chemistry Council, through projects. We have been engaged with 
USDA related to the analysis of biofuels and will continue to seek opportunities to deepen our 
collaboration related to bioproducts. Technology development efforts and data accumulated by the 
national labs and industry stakeholders have helped our LCA efforts tremendously. Within GREET, we 
have expanded our LCA to fossil-based and bio-based chemicals leveraging the new biorefinery models. 
In addition, we are currently developing an analysis framework for the circular economy of plastics. 
Several publications are available on our GREET website, which reflect the efforts in the LCA of 
chemicals and plastics. The results of our LCA have helped identify the key drivers that influence GHG 
emissions and other sustainability metrics and pursue opportunities to mitigate the adverse 
environmental impacts. For example, we have shown that sodium hydroxide, used during pretreatment of 
corn stover, is a major GHG driver in biochemical conversion technologies; therefore, collaborators at 
other national labs have been expanding their research to find less GHG-intensive chemical agents for 
the pretreatment of feedstock. We recently expanded GREET to the buildings sector. This expansion 
benefits from our LCA efforts for key materials such as steel, aluminum, and cement that we have built 
in GREET for vehicle cycle analyses. We have been interacting with other national labs, including Oak 
Ridge National Laboratory (ORNL), PNNL, and LBNL; as well as government agencies, such as the 
National Institute of Standards and Technology; industry, such as vacuum insulation panel 
manufacturers; architecture firms, such as Skidmore, Owings & Merrill; and trade associations, such as 
North American Insulation Manufacturers Association, to benefit our LCA efforts on building envelope 
and insulation materials, building construction, and building operations. 
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MULTI-INPUT, MULTI-OUTPUT BIOREFINERIES TO REDUCE 
GREENHOUSE GAS AND AIR POLLUTANT EMISSIONS 
University of California, Berkeley 

PROJECT DESCRIPTION 
Lignocellulosic biorefineries can produce renewable 
liquid fuels vital to the transportation sector, 
including replacements for gasoline, diesel, aviation 
fuel, and marine fuel; however, they also have an 
important potential role to play in manufacturing 
high-value bioproducts, creating jobs, supplying 
electricity, and treating waste in rural communities. The goal of this project is to conceptualize, design, and 
assess the economic and environmental performance of multi-input, multi-output biorefineries that can convert 
locally produced lignocellulosic biomass, manure, and other wet organic waste into liquid fuels, platform 
chemicals, and high-value products. By the end of the project, the resulting techno-economic analysis (TEA) 
and LCA models will be released as highly customizable, transparent, web-based tools for public use. The 
optimized biorefinery designs will produce a suite of fuels and products that will reduce GHG emissions by at 
least 70%, reduce fossil energy consumption by 50%, and reduce air pollutant emissions by at least 20%. 
Challenges include balancing the cost of biogas upgrading to products and increasing the capacity of the on-
site anaerobic digester with the environmental benefits of organic waste treatment. To date, the project has 
produced preliminary results for multiple biorefinery scenarios and produced a machine learning model for 
predicting biogas yield and composition from different inputs to the digester section.  

 

WBS: 4.1.1.100 

Presenter(s): Corinne Scown 

Project Start Date: 10/01/2019 

Planned Project End Date: 03/31/2023 

Total DOE Funding: $1,000,000 
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Photo courtesy of University of California, Berkeley 

COMMENTS 
• The timeline was very helpful to see where the project stands and that it is on schedule. The progress and 

models appear to be solid. The results are compelling, though not surprising. Questions to consider: How 
can the tool help the system with the factors that seem to be the most important—the tipping fees and 
polyhydroxybutyrate price? Are there other stakeholders that could/should be engaged as you develop 
the tool, to ensure usability? 

• Impressive effort for such a new project, and very clearly communicated. Though this work may overlap 
some of the efforts elsewhere in the BETO portfolio, the connection with the state utility creates 
synergies that may propel this effort further. The project is bounded by clear goalposts and includes a 
multiscalar lab-to-launch approach for thorough proof of concept. The PI clearly articulated the 
connection of the approach to potential impacts and multiple deliverables. The project appears on 
schedule despite the COVID-19 pandemic-related challenges, and it is moving toward project goals. 

• The concept of this project to incorporate the feedstock flexibility of anaerobic digestion into biorefinery 
concepts is strong, and it is great that this project includes real-world collaboration with industry 
participants who are actually implementing elements of the multi-input/multi-output approach to 
biorefineries. Scale-up is a key challenge for any industrial process, and while I’m not sure anyone has 
solved how to overcome “the valley of death,” getting input from industry advisers may not be sufficient 
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to address this risk. Progress appears appropriate for the stage of the project. One of the proposed 
revenue elements for the biorefineries is organic waste tipping fees. As mentioned in the presentation, a 
critical challenge for wastes is that when they become a commodity, they stop being a waste and start 
having a price associated with them (rather than being free or getting revenue for them); the example of 
manure in California was given. The project should consider the long-term revenue viability of and 
alternatives to waste tipping fees even where they are currently available. This project is likely to result 
in some real-world techno-economics and life cycle GHG numbers that would be very valuable for 
validating other models and estimates within the BETO portfolio, and an effort should be made to ensure 
that the data coming out of this project get to the appropriate teams across BETO. 

• The project team has assembled a very comprehensive project plan with outcomes highly relevant to 
BETO, particularly on cost reductions and emissions reductions at biorefineries. Further, the project is 
working closely with industry and utilizing their feedback for building up a commercial-scale biorefinery 
model. The incorporation of biogas capture and upgrading into biorefinery design fits in well with the 
program’s LCA and TEA resources and could provide outputs relevant to the goals of reducing costs and 
environmental impacts. An important consideration for the development of the TEA/LCA web tools will 
be how to balance their accessibility and applicability for potential stakeholders. Given the extensive 
amount of modeling necessary to evaluate the biorefinery scenarios as part of this project, there is a risk 
that (1) the web tool will require extensive data inputs on behalf of users, making it suitable only for 
experts, or (2) to make it broadly accessible for users, it will be too broad to be applicable to individual 
projects with their own site-specific cost concerns and operating parameters. 

• This is an interesting technology development project in the DMA portfolio. It is focused on a promising 
future direction of development in the bioenergy space—that of agile WTE biorefineries co-digesting 
different waste streams. Its collaboration with the local utility offers a comparative advantage by 
facilitating access to otherwise proprietary data. It is not immediately evident how/whether the waste 
digester system is a critical or supportive part of the conventional biomass crop refinery system. 

• This project seeks to take environmental problems and turn them into solutions, which is very exciting. It 
seems conducive to themes growing in popularity and importance, including the circular economy and 
reducing waste/pollution. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their supportive and helpful comments. We agree that the strong industry 

partnerships in this project have helped us ground our assumptions and research plan in practical 
experiences. The reviewer comment about waste tipping fees as a viable long-term revenue stream is an 
excellent one. This is exactly why we run scenarios that assume waste comes at a positive, negative, and 
zero cost to understand the impact on overall facility economics. Some wastes—such as fats, oils, and 
greases—are likely to increase in value over time given their value in anaerobic digestion facilities and, 
now, for hydroprocesses esters and fatty acids production. Other mixed waste streams may continue to 
come at a negative cost (tipping fee) if there are few competing valorization routes. Manure in California 
is a special case because policy incentives are driving its value as a feedstock. These policy-driven 
dynamics can be highly regional and difficult to predict, but we plan to account for them through 
scenario and uncertainty analysis. Regarding the dissemination of results to other teams in the BETO 
portfolio, we have been in contact with the GREET team at ANL regarding the integration of our results 
into their tool, and we will continue to conduct outreach in addition to dissemination through peer-
reviewed journal articles and online tools. In response to the comment about dissemination through the 
BioC2G web tool, the reviewer makes a very valid point. There is always a trade-off between usability 
and the degrees of freedom that an expert user might want, in addition to challenges in providing enough 
flexibility to be broadly useful. We will continue to gather feedback from industry partners to understand 
what startups and research teams looking to commercialize their technology would require of a web tool 
in order to effectively support their decision-making process. 
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AGENT-BASED MODELING FOR THE MULTI-OBJECTIVE OPTIMIZATION 
OF ENERGY PRODUCTION PATHWAYS: INTEGRATED TECHNO-
ECONOMICS AND LIFE CYCLE ASSESSMENT 
Colorado State University 

PROJECT DESCRIPTION 
The proposed work will develop a tool set that is 
capable of identifying promising combinations of 
production pathways and performance targets for 
bioenergy and coproduct systems. This is a new 
paradigm for bioenergy modeling. The work will 
leverage agent-based modeling for the optimization 
of biofuel production pathways with geo-spatial resolution and multiparameter optimization that includes cost, 
energy, water, and emissions criteria. 

The initial efforts of the project focus on the development of foundational sustainability models. The work 
includes integrating existing subprocess models with the development of new subprocess models to accurately 
capture the performance of various demonstrated and innovative bioenergy production pathways. The 
engineering process models will be constructed in a modular fashion to support the agent-based and multi-
objective optimization work in the second budget period. The developed modular engineering process models 
will serve as the foundation for sustainability assessment through techno-economics and life cycle modeling. 
We will identify the energy, mass, labor, and financial inputs required for each production pathway, such that 
synergies and optimizations can be formulated in the second budget period. 

Later work will focus on integration and optimization techniques based on the foundational work developed in 
the first budget period. The various system configurations will be evaluated through agent-based modeling, 
multi-objective optimization, and carbon accounting through coupling economic and environmental 
assessment. In addition, resources are allocated to the development of additional subprocess unit operations to 
capture new and innovative technologies, such as favorable configurations of bioenergy with carbon capture 
and storage. The results from the project will be transformed into an open-source tool set that will support the 
evaluation of various combinations of technologies—such that a use can evaluate trade-offs of bioenergy 
production pathways. 

WBS: 4.1.1.101 

Presenter(s): Jason Quinn 

Project Start Date: 10/01/2019 

Planned Project End Date: 03/31/2023 

Total DOE Funding: $1,000,000 
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COMMENTS 
• This project would greatly benefit from a pause to investigate how it can utilize various DOE models. It 

would not be a good use of resources to recreate existing process or LCA models. As the team further 
develops the agent-based model, they should think carefully about defining the rules for the various 
agents and ensure that the methods that are being used will ensure that those rules are realistic. For 
example, if you never speak to a farmer, you may not be properly defining the rules for their decisions. 
Consider utilizing the positions on the advisory board to increase the diversity of your team. 

• It is good to see this project targeting office interests in heavy fuels and jet fuels. I find this analysis to be 
helpful in guiding trade-offs among economic, land use, and climate priorities. 

• Linking TEA, agent-based modeling, and spatially discrete LCA is an estimable goal, though it is 
difficult to do all of these things rigorously, and it risks a superficial approach to each. How, for 
example, does this work weight and quantify the various decision factors influencing a farmer agent’s 
crop choices? Such considerations presumably vary across demographic, geographic, and economic 
conditions, making rigorous treatment in such a large effort difficult. The team’s aim at explicitly 
identifying the trade-offs that may emerge among cost, GHG emissions, land use, and other parameters 
is a useful lens. It is not clear, however, that this research is sufficiently well situated within ongoing 
literatures in each of the disciplines it touches. How does it build on, and where does it depart from, 
ongoing related work? 

• The project has a mostly clear management plan, with an implementation plan that includes risks and 
mitigation strategies. The routes for communication and collaboration were clearly presented but lacked 
some detail. The approach has substantial merit to advance the SOA through innovation. There seems to 
be some overlap with other models in the BETO portfolio, such that the project may benefit from 
synergistic collaborations/communications with those researchers. These communications may clarify 
the intended impacts and project direction as well as potentially amplify the work of all parties. The 
project appears to be progressing on time toward addressing the project goals. 

• This project has the potential to be very impactful by helping to identify optimal biofuel supply chain 
performance based on production potential, supply chain structure, and economic conditions. The ability 
to evaluate trade-offs among performance metrics will be very helpful. The complementary use of multi-
objective modeling to identify pathway optimization and agent-based modeling to address farmer 
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adoption/biorefinery investment should provide useful insights. This project is just starting, so there are 
opportunities to leverage and link this project with ongoing work at BETO. NREL’s “Strategic Support” 
project seems to address many of the same areas of interest (TEA, sustainable process design, refinery 
optimization), as do others. The researchers should become familiar with other existing models in the 
BETO portfolio and ensure that the work under this project leverages that information/those models as 
appropriate, or the researchers should clearly justify why existing BETO models or data are not suitable 
and what the advance or benefit is of the project’s approach. For example, it appears the PIs intend to 
perform their own TEAs and LCAs for the pathways in question; BETO has extensive work in both of 
these areas, so there should be a good rationale for performing separate analyses like this, and if 
undertaken, they should be compared with DOE BETO TEA and LCA for further validation of both 
approaches. There can be value in doing fresh, separate analyses, but it should be done purposefully and 
should contribute to the refinement/validation of BETO models as well. 

• This project incorporates sustainability, LCA, and techno-economics to optimize biofuel deployment 
across a selection of possible pathways. The optimization approach incorporates spatial analysis, which 
adds a unique element to similar models in the program. This type of larger system approach could be 
very useful for informing the program areas strategic goals. This project would benefit from providing 
additional clarity on which inputs into the analysis, particularly on TEA and LCA, are derived from DOE 
resources and which are developed in-house by the project team. For those resources developed in-
house, the project team should justify those decisions and provide context. 

PI RESPONSE TO REVIEWER COMMENTS 
• We have grouped the comments into themes. Comment: Utilize the various DOE models. Response: We 

agree and are using models when available. A challenge with the work we are doing is it fills a gap in the 
portfolio that is concurrent assessment and optimization. For example, ANL specializes in TEA and 
NREL in LCA. One issue with some of the models identified by the reviews is they are not publicly 
available. We are currently working with various national laboratory teams to support streamlining our 
modeling development and data integration work and note there are a variety of the tool sets identified 
that are open source. Additionally, we are evaluating feedstocks that have not been extensively evaluated 
by DOE national laboratories. Comment: Increase diversity. Response: We agree the diversity of the 
team needs to be improved. We have a female researcher joining the team this May and will work to 
recruit a more diverse advisory board. Comment: Validate agent-based model. Response: This represents 
a critical aspect of the work, and we plan to address as we ramp up this part of the modeling work. We 
will not be doing extensive surveys and plan to use literature to define agent behavior. 
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STRATEGIC ANALYSIS SUPPORT 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
The objective of the NREL strategic support project 
is to provide sound, unbiased, and consistent analyses 
to inform the strategic direction of DOE BETO. This 
project addresses key technological questions, 
provides critical data needed to inform strategy, and 
highlights barriers, gaps, and data needs in support of 
DOE BETO’s mission to improve the affordability of bio-based fuels and products. This task employs various 
quantitative (e.g., TEA) and qualitative (gap analysis) approaches to allow for direct comparisons of biomass 
conversion technologies across a wide slate of processing platforms, products, and impact categories. Further, 
this project develops and utilizes novel analyses beyond traditional biorefinery-focused TEA/LCAs to identify 
both technical (e.g., in sustainable design) and nontechnical (e.g., in value proposition) barriers, as well as to 
outline mitigation strategies and highlight R&D needs for emerging technologies. Additionally, the project is 
tasked with evaluating drivers that support the growing bioeconomy, which is achieved by the development 
and public release of tools to advance the understanding and facilitate comparisons of socioeconomic impacts 
along the supply chain. Critical to the success of this project is the development of defensible methodologies, 
analyses, and tools that are publicly available to support stakeholders and bioeconomy growth. To develop 
such high-quality analyses, the biggest challenge to this project, as with most analysis-focused projects, is the 
availability and reliability of the underlying data; therefore, the project team works extensively with key 
stakeholders (e.g., policymakers, bioenergy technology developers, and investors) in developing, validating, 
and reviewing the results of these analyses to overcome this challenge. Any remaining uncertainties associated 
with the analysis efforts are clearly defined and quantified. 

 

WBS: 4.1.1.30 

Presenter(s): Ling Tao 

Project Start Date: 10/01/2018 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $1,400,000 
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Photo courtesy of NREL 

COMMENTS 
• Having consistent models and assumptions across a range of modeling projects and analyses is extremely 

important to provide comparability and consistency. This is a wide-ranging project encompassing a 
number of important overlapping areas of modeling and analysis needs. The project areas outlined are 
valuable additions to the public data; however, it is challenging to understand what this project is 
actually executing (i.e., building actual models) versus just coordinating among projects to ensure 
assumptions, etc., are all aligned among other projects in the portfolio. It is not clear how the TEA work 
going on in multiple groups (e.g., Analysis and Sustainability interface, this project, and others) are 
complementing or aligned with each other. It would be helpful for the overview presentation in the Peer 
Review to outline all the TEA work going on among the projects and how they complement/avoid 
duplication and which models they support. The integrated strategies to enable lower-cost biofuels effort 
that will identify opportunities to meet cost goals are very valuable across the sector for identifying areas 
in which effort should be made to reduce costs. The researchers indicated that they are working closely 
with the GREET team to consider how refinery optimization would change LCAs. This collaboration 
and the results should be addressed in future Peer Reviews. One challenge with things like the Biofuels 
TEA database is that incorporated into the modeling are assumptions about cost targets and drivers that 
have been set by BETO; however, it may not always be evident to the user that the cost information 
and/or technology is driven by those cost targets. Understanding how to reach those cost targets is very 
valuable, but it can potentially be misleading to new users who are not aware that the targets are driving 
assumptions in the TEA. It should be prominently indicated in the TEA repository that these are driven 
by the $2.50 GGE cost target. Baseline TEAs that do not incorporate those targets might be useful as 
well. Multivariate sensitivity analysis is a significant advance over single sensitivities and would help 
identify trade-offs and synergies among drivers. The synergy/trade-off analyses between the 
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GREENSCOPE process sustainability evaluation and cost drivers is very valuable. It would help to 
clarify if the JEDI modeling aspect of the project will be a repository of multiple bioenergy 
pathways/types of projects and if it is primarily intended as a tool for BETO users. 

• I find this project to have some ambiguity about what it is and what it seeks to accomplish. Perhaps that 
is an asset, and it makes the work more nimble to respond to changing dynamics. If that’s not the 
purpose, I would explore creating a clearer objective. The addition of the TEA database to the 
Knowledge Discovery Framework (KDF) is a great accomplishment to ensure this important research is 
publicly accessible and consolidated in a central location. The GREENSCOPE tool is valuable to the 
portfolio’s work and should probably have linkages to other models in the Analysis work area that do not 
account for sustainability indicators. Because GREENSCOPE measures so many different indicators, it 
would be great to see it assist other projects that have a more limited take on environmental 
sustainability to help assess trade-offs. 

• Most aspects of this project were clearly communicated, articulating the position of this project as a 
bridge and support for a diverse array of collaborative efforts. The multipronged approach applied to 
diverse projects, combined with the transparency of challenges and mitigation strategies suggests a high 
level of merit for supporting the goals of the project. Regular communication with collaborators and 
multiple deliverables suggests an active and on-time approach. This project looks to create both a 
secondary layer of review as well as an analytical tool kit for the projects it supports, both internally and 
externally. The number of stakeholders represented in various project segments is highly diverse. The 
presentation lacked some clarity about what the project creates and contributes to other collaborators 
versus what the project is leveraging from collaborators and other open-source models/data. 

• Strategic support is crucial to synthesize the findings from disparate work streams within the portfolio 
and turn them into useful recommendations for BETO. This project had a clear map of the management 
plan, illustrating the how the overarching strategic support links together four different teams in order to 
develop harmonized analysis toward DOE’s broader goals. This project establishes a clear management 
plan on what outputs are expected from each team they are working with and how they fit into the 
overall approach. The progress of this project already includes outputs relevant toward BETO’s overall 
strategy on the economics and sustainability of emerging bioenergy pathways.  

• The external and DOE internal partners engaged seem extensive and appropriate; however, it was 
unclear via the communication plan how much and in what capacity these stakeholders and partners are 
engaged. The impact is high, especially given the range of partners and applications. The project 
approach is quite extensive and has substantial merit to advance the SOA. A detailed timeline was not 
provided, so the progress related to expected deliverables and schedule was difficult to evaluate. Overall, 
the scope is large, and the project appears to have significant impact.  

• This project has a strong focus on emerging areas of interest and importance to the overall BETO 
portfolio, including jet fuel, WTE, and biochemicals. It also seems well integrated with other analytical 
teams, though it was unclear at times what modeling and analysis is being done under this projects 
umbrella versus being leveraged from other teams in the BETO portfolio. The PI was able to identify and 
describe specific examples of applications of their tool kit. Insofar as BETO seeks to have this project 
serve as a nexus for applying the various tools in its portfolio for strategic insights in a harmonized and 
concerted fashion, it would be necessary for the performers to have sufficient visibility and authority 
within the BETO ecosystem to harmonize effectively. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their helpful feedbacks and comments. Our goal for all of our analyses is to 

develop defensible studies and tools in support of the strategic direction of BETO. Going forward, we 
will work to adopt suggestions from the panel to integrate analysis aspects in this project by performing 
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assessments on cost, environmental, and socioeconomic metrics in a holistic approach. We will continue 
to publish TEA data via a KDF database so that valuable analysis research data are publicly accessible. 
Taking suggestions from the panel, we will add additional features/data to the TEA database: (1) add 
economic assumptions table, (2) make clarification on which TEA is for targets or for state of 
technology, and (3) add a summary table on key TEA metrics for more general audiences. Focusing on 
sustainable aviation fuel and marine fuels, the refinery models as an optimization tool with targeting on 
maximizing gross refinery margins will provide insights on opportunities and dynamics impacts when 
integrating bioenergy with refinery. We will continue to implement the GREENSCOPE sustainability 
framework to assess the impacts of BETO’s core and novel conversion pathways, focusing on key 
metrics on environmental sustainability to help assess trade-offs. Additionally, we will integrate 
sustainability and economic analysis with a multi-objective decision analysis approach when comparing 
design options or pathway alternatives. Our job analysis on estimating local (e.g., county) green jobs will 
be coupled with demographic information/projections to understand how social and economic benefits 
may distribute among different population and communities. Finally, we appreciate the encouragement 
on advancing single sensitivity analysis to multivariate sensitivity analysis or stochastic analysis as a 
new tool to help identify trade-offs and synergies among drivers for BETO’s strategic directions. Our 
team works diligently to be highly integrated within the DMA platform portfolio and the overall BETO 
portfolio. 

  



2021 PROJECT PEER REVIEW 

 

706 DATA, MODELING, AND ANALYSIS 

SUSTAINABLE BIOMASS THROUGH FOREST RESTORATION 
Pacific Northwest National Laboratory 

PROJECT DESCRIPTION 
In 2020, major wildfires in the western United States 
killed at least 37 people and caused more than $19.9 
billion in damage and $3.4 billion in fire suppression 
costs. Sustainable biomass from forest restoration to 
reduce high fuel loads and fire risk is a potentially 
significant source of bioenergy with numerous 
potential environmental benefits; however, additional planning and decision support tools are needed to ensure 
economic and environmental sustainability. A multiagency collaboration between DOE and the U.S. Forest 
Service is using high-resolution spatial vegetation characteristics data to develop accurate estimates of 
sustainable forest biomass along with distributed hydrological and wildfire risk modeling in a multi-objective 
analysis framework. We are initially focused on high fire risk areas in the Pacific Northwest at the subbasin to 
regional scale using data, models, and analysis techniques that can be applied nationally. We have developed a 
decision support tool, and initial results demonstrate the potential of forest restoration to provide sustainable 
biomass for energy considering collection and transport costs, wildfire mitigation, smoke emissions, and 
improved snowpack and streamflow. This effort has resulted in two follow-on projects: one funded by the 
Upper Columbia Salmon Recovery Board/State of Washington to improve salmonid habitat, the other by the 
DOE Water Power Technologies Office to improve hydropower operations. 

 

WBS: 4.1.1.52 

Presenter(s): Mark Wigmosta 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $400,000 
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Photos courtesy of PNNL 
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COMMENTS 
• This project presents a timely and innovative response to increasing wildfires in the western United 

States as well as a growing interest in forestry biomass in the bioenergy sector. The approach is holistic, 
including ecosystem restoration, stream hydrology, and aquatic ecology. Communication and 
collaboration with other projects is clearly articulated and adds nuance (e.g., the inclusion of ecosystem 
service valuation based on nonmarket values) to the decision-making framework dynamics. Progress is 
appropriate at this stage in the project, despite reported setbacks due to COVID-19. 

• There is a growing need for this work as wildfires pose greater threats to society and exacerbate climate 
change. A decision support tool is vital for weighing the trade-offs of biomass harvests for wildfire 
reduction. This project looks at wildfire severity, economic viability and usability of biomass, and 
hydrology. As far as GHG emissions go, the research should not assume that forest management will 
necessarily lead to GHG benefits. Existing literature has demonstrated that the benefits of wildfire 
treatment vary based on wildfire risk, and they are not always a benefit from a carbon pollution 
standpoint. This research could incorporate burn probability modeling and carbon stock assessments to 
evaluate both the severity and likelihood of fire in order to map out risk. This burn probability modeling 
could inform the carbon accounting variable in the decision support tool, measured in either (1) time 
frames of carbon payback or (2) priority interventions for carbon benefits. Similarly, down the line, the 
project may want to model economic/health impacts: How likely regions are to experience deadly or 
destructive wildfires, especially considering proximity to population centers, public health impacts of 
smoke, and economic impacts of commerce paused due to unhealthy air quality. This type of assessment 
would be especially important to policymakers. Another variable that would be valuable is 
biodiversity/wildlife impacts. How do the forest management treatments impact habitat when compared 
against the likelihood of wildfire? Resources to inform wildfire decision making are desperately needed, 
and they will become increasingly so as wildfires get larger, more severe, and deadlier. It’s good to see 
that the U.S. Forest Service is a collaborator, as they are a key stakeholder. It may be of interest to the 
project to incorporate incentives for forest treatment other than biomass markets. The direction this tool 
is moving could have profound impacts on the conversation of where to target forest management 
treatments. The Pacific Northwest is a key research area, but this work is needed in many regions of the 
country. 

• This is an extremely timely project that links BETO’s goals of expanding the bioeconomy with reducing 
wildfires and forest restoration. This analysis produced several valuable insights, including forest 
biomass potential, recommendations on forest management practices, and impacts on streams. Further, 
the cost estimates for forest biomass recovery align well with BETO’s focus on assessing the costs of 
biomaterials. Given the extent to which forest biomass flows are tracked and quantified in this project, it 
would be extremely helpful to present the GHG impacts of different management practices, perhaps as a 
component of the decision support tool. It would also be helpful to evaluate the economic impacts of 
wildfires (and associated benefits of avoiding them) to the extent possible given data limitations. 

• This model and project are excellent; they have significant potential to positively impact reforestation 
after wildfires. Considerations of how the scope of this work could be expanded beyond the Tahoe 
Central Sierra Initiative. While the goal states that this project will evaluate GHG emissions, GHGs 
weren’t actually covered anywhere. These are important data that should be aggregated and reported. 
Similarly, the methods used to evaluate ecosystem analysis and habitat suitability were not clearly 
described and linked. Many individual metrics were presented, but they were not presented in aggregate. 
Metrics like biodiversity, soil health, etc., could improve the work.  

• This project provides important information on synergies among forest management, wildfire 
management, and energy production. The impact of contributions to agency analyses and decision 
making is well described. The evaluation of trade-offs among priorities is a key advance that this project 
offers, as too often evaluations focus on a single performance metric or aligned performance rather than 
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identifying difficult choices/prioritizations that need to be made. It is great to see that collaborations with 
other researchers (e.g., Jager et al.) are adding additional dimensions of analysis to these different 
management regimes. The description of the metrics for quantifying the trade-off analysis do not include 
any soil characteristics, nutrient leaching/release, or habitat evaluations, which would be affected by 
biomass removal. It would be useful to include these and other aspects of the ecology in the trade-off 
analysis, or potentially as part of collaborative projects like that done with Jager et al. Given the high 
variability of streamflow and its responsiveness to the forest management, soil nutrients are likely to be 
affected and should be part of the evaluation. Some discussion of scalability of these management 
approaches in the Pacific Northwest as well as whether there is applicability in other forest 
systems/regions would be beneficial to understand the full impact and potential of these management 
regimes. 

• This project’s focus on woody biomass and forest restoration is strategically aligned with an emerging 
trend in bioenergy and climate mitigation as well as the imperatives of forest management for wildfire 
risk and severity mitigation in the western United States. Its approach of modeling impacts from 
different management strategies in order to quantify the trade-offs between them is a useful framing. It is 
worth their increasing the detail of their quantification of climate impact and clarifying which of the 
many elements of this analysis are actually being carried out under the project versus leveraging work 
and expertise of collaborators. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their valuable and encouraging input. The project team is encouraged by all 

the positive comments made by the panel. Forest restoration is being used to reduce wildfire risk and has 
been identified as a potentially significant source of bioenergy; however, additional planning and 
decision support tools are needed to access economic and environmental sustainability. As noted by the 
reviewers, there is a growing need for this work as wildfires pose greater threats to society and 
exacerbate climate change. A decision support tool is vital for weighing the trade-offs of biomass 
harvests for wildfire reduction. We acknowledge the broad scope of this project, given its size. Each task 
has a designated lead based on expertise. For the most part, we are utilizing existing models (the 
Distributed Hydrology Soil Vegetation Model; LANDIS-II for fire, carbon, and forest regrowth; U.S. 
Forest Service’s Forest Vegetation Simulator for operational costs) and input data sets that have been 
exercised (independently) in the study domain. We chose to use an existing U.S. Forest Service decision 
support system tool (Ecosystem Management Decision Support, or EMDS) to speed technology transfer. 
This work builds off a previous PNNL-U.S. Forest Service collaboration (funded by the State of 
Washington) to develop a tool to estimate the impact of forest restoration on streamflow in the North 
Central Cascades. We extend this work significantly under this project with detailed consideration of 
wildfire, merchantable and nonmerchantable (residue for energy) biomass yield, economics, and decision 
support. Technology transfer has been achieved using these capabilities on follow-on projects. This 
research considers smoke emissions (i.e., total carbon release and PM2.5 and PM10) rather than the full 
suite of GHG emissions. The research will not assume that there are immediate benefits to smoke 
emissions. Smoke emissions will increase for a period of decades until the effects of 150 years of fire 
exclusion are minimized. We intend to use weather streams consistent with late 20th century (RCP4.5) 
and late 21st century predictions for the RCP8.5 GHG emissions scenario on the fully calibrated 
Distributed Hydrology Soil Vegetation Model and for 100-year LANDIS-II vegetation growth 
simulations. Our simulated fuel treatments will begin at year 1 and will continue until year 100. 
Wildfires that exceed a 97th percentile fire weather threshold will be allowed to burn each year. Until the 
sum of escaped wildfires plus forest and fuel treatments treat a large enough portion of the landscape, we 
expect emissions to steadily increase. This is a consequence of a fire deficit coupled with a fuel surplus. 
Until the fuel surplus is adequately depleted, emissions will remain high and then drop off to a 
metastable condition. Thereafter, we will show the benefits of wildfire smoke emissions reductions 
through forest thinning and prescribed burning and collecting biomass for energy use, and long-term 
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wood in service. Rather than using burn probability estimation in our risk assessment, we are modeling 
flame length probability and crown fire initiation and spread potential. Flashy grass and shrub fuels have 
the highest burn probability each year, and they release the least emissions; thus, probable burned area is 
not a useful measure of the effects of treatments on forest mortality or emissions. With high flame 
lengths, the likelihood of forest burning or reburning is highest, likewise for crown fire initiation and 
spread potential. Management treatments involving thinning and burning reduce fuel ladders and surface 
fuels, thereby reducing flame lengths and crown fire potential. These will be our metrics modeled over 
100 years. We will be able to show land sector carbon stocks (and perhaps soil carbon) associated with 
each treatment year. Changes in streamflow volume and timing along with water temperature can be 
compared to regulatory requirements as an indicator of habitat suitability, or this information can be used 
in more detailed modeling such as that by Jager et al. The general hydrologic information could also be 
used to examine the impacts of streamflow variability on soil nutrients, or the impact of increased 
streamflow on riparian invasive plant species; however, these investigations are currently beyond our 
current scope of work. 
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ANALYSIS OF THE BIOECONOMY FOR CARBON DRAWDOWN 
Lawrence Livermore National Laboratory 

PROJECT DESCRIPTION 
The objective of this project is to identify the 
conditions under which bioeconomy pathways are 
fundamentally carbon-negative and value-positive. 
This project is an outgrowth of an FY 2019 analysis 
seed project that assessed the breadth of opportunity 
to remove carbon from the atmosphere with 
bioeconomy-based technologies. In FY 2020–2022, we will extend and refine these analyses to cover a larger 
section of the technological possibilities. Specifically, we will construct a library of detailed analyses of the 
major classes of bioeconomy technology pathways that could contribute to carbon drawdown, such as 
bioenergy carbon capture and storage, biofuels production with carbon capture and storage, synthesis of 
durable and nondurable bioproducts with and without carbon capture and storage, and bioenergy and 
bioproduct pathways with biochar and other immobilized carbon as a product or a byproduct. We will analyze 
variations on these pathways, including feedstock/agricultural practices that enhance carbon drawdown, 
conversion technology (combustion, gasification, pyrolysis, etc.), the fate(s) of products and byproducts 
(including long-lived wood products), and how their carbon drawdown potential varies with product lifetime. 

 

WBS: 4.1.1.80 

Presenter(s): AJ Simon 

Project Start Date: 09/30/2019 

Planned Project End Date: 09/29/2022 

Total DOE Funding: $600,000 
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Photo courtesy of LLNL 

COMMENTS 
• This is an exciting and much-needed project, given the goals of BETO and the current research portfolio. 

The management was sufficiently communicated. Sufficient progress was reported, and the team was 
responsive to suggestions incorporated from previous review. The project aligns with BETO goals and 
develops sectors thus far underdeveloped, given that current TEA and LCA do not account for 
atmospheric, biogenic, and sequestered carbon. Despite the nascent nature of this project, the 
development to date is impressive, and its importance for pushing the energy conversation in new 
directions was clearly communicated. 

• Carbon drawdown is the next big frontier in decarbonization. This project is generating important 
information about the relative performance of carbon drawdown/sequestration approaches. The visual 
representation of the data in the Sankey and waterfall diagrams will be very valuable for helping 
stakeholders understand contributions of different elements of pathways to carbon flows. It is great to see 
that the data from these efforts will be posted on the KDF so that other researchers can use them. The 
incorporation of carbon management into GREET discussed during the presentation would be valuable 
outlet for this work. The GREENSCOPE approach at NREL seems to be a useful complementary 
analysis to ensure that pathway carbon drawdown is not leading to trade-offs with other sustainability 
performance metrics, and it could offer additional collaboration opportunities. The comparison of 
multiple diverse pathways on a feedstock unit basis is very helpful for considering how to best allocate 
resources to maximize drawdown. The consideration of other metrics for comparison would be helpful 
(e.g., the suggested approach of addressing metrics on a per unit of carbon basis). 

• The area of negative emissions technologies for deep decarbonization is very important, and I applaud 
this team’s (and BETO’s) focus on it given the analytical challenges posed by biogenic carbon 
accounting. Some of the technologies under consideration (e.g., biomass cofiring) do not seem 
necessarily carbon negative, however, without fugitive methane avoidance or carbon capture and 
storage. One small note: Given Paul Hawken’s very able communication around his project drawdown, 
there is public awareness around that term; however, that team’s definition of the term is different 
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(focusing on net emissions reduction rather than necessarily negative emissions). This could pose a 
messaging challenge. 

• This is a magnificent project, and I’m glad to see the office prioritizing this work. I don’t see how this 
work is being used by BETO, and it might be good to identify a more robust outlet for how the Analysis 
team can use this work (we don’t want it to just float into the ether). Any way this work can be used to 
inform BETO publications would be wise. One way the drawdown analysis can improve is by factoring 
in other environmental indicators. It already did a good job of factoring in economic trade-offs. But there 
can be enormous trade-offs with using biomass for carbon sequestration—even planting trees can have 
deleterious effects on biodiversity. This may be a good opportunity to partner with GREENSCOPE. On 
that note, this work could gain depth from soliciting input from the environmental nonprofit community. 
The distinction of focusing on carbon that will remain sequestered (rather than just utilized) is a strong 
characteristic and well worth adhering to. 

• This is an important project because it draws from so many disparate work streams, harmonizes their 
findings, and presents critical findings relevant to BETO’s goals, as well as to benefit outside researchers 
and policymakers. The project has a clear, defined approach for which bioeconomy pathways they seek 
to incorporate into their framework and what their research needs are to integrate TEAs and LCAs into 
that framework on a consistent basis. The outcomes from this project are insight-rich and would be 
highly relevant to policymakers and BETO’s mission. The project performers met the project goal across 
several different measures, illustrating the economy-wide potential for carbon drawdown but also by 
presenting a per-technology comparison of carbon drawdown potential. The incorporation of techno-
economics and life cycle results into the analysis here illustrate excellent use of the modeling resources 
within BETO by recontextualizing them into the carbon drawdown framework. 

• This is important work to support carbon capture, utilization, and storage, as well as carbon drawdown. 
While a few partners were mentioned, the impact could be far greater with engagement of more 
stakeholders. I appreciate that the PI is thinking of making this work accessible in many ways, from 
publishing your own code on GitHub, to sharing with models that you work with, such as GREET. It 
would be helpful to clarify these impacts in a chart or a set of deliverables. 

PI RESPONSE TO REVIEWER COMMENTS 
• The project team appreciates the recommendations of the reviewers to formalize our collaborations, and 

we will look into ways of doing so. We also appreciate that the reviewers identified complementary 
aspects of our work with project GREENSCOPE at NREL, and we will reach out to NREL staff to 
explore ways to enhance each other’s work. 
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BIOECONOMY SCENARIO ANALYSIS AND MODELING 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
The Bioeconomy Scenario Analysis project uses 
systems thinking and analysis to assess current and/or 
prospective techno-economics, R&D, deployment 
strategies, policy, and market conditions and their 
impact on the potential development trajectories of 
the bioenergy industry over time. Results from this 
project include identification of opportunities and constraints to industrial development, quantification of 
multiple metrics (energy, economic, environmental) and informing researchers, decision makers, and industry 
of the steps needed for a sustainable, nationwide biofuels industry. Analyses from this project enable the 
creation of a bioenergy industry by (1) inciting policymakers to explore scenarios for nationwide biofuels 
production, identifying policy actions consistent with pathways for growth; (2) improving industry’s 
understanding of industry growth potential under different technology and investment conditions, better 
targeting their development efforts; and (3) providing universities and other interested stakeholders with tools 
and analyses that can be adapted to meet research and teaching objectives, connecting students with careers 
that build the industry.  

One of the many modeling tools used in this project, the Biomass Scenario Model (BSM) is a publicly 
available, unique, validated, SOA, award-winning, fourth-generation model of the domestic biofuels supply 
chain that explicitly focuses on how and under what conditions biofuel technologies might be deployed to 
contribute to the U.S. transportation energy sector. We use models like the BSM to examine the implications 
of policies and incentives as well as their potential side effects. The BSM uses a system-dynamics simulation 
to model dynamic interactions and transitions across the supply chain; it tracks the deployment of biofuels 
given industrial learning and the reaction of the investment community in the context of land availability, 
projected oil markets, consumer demand for biofuels, and government policies over time. Under expected 
market conditions, analyses using the BSM suggest that the biofuels industry may require significant external 
actions in the early years to thrive. Interventions that accelerate the industrial learning process (e.g., operation 
of precommercial and commercial facilities) have been identified as having strong influence in starting the 
growth of a commercial biofuel industry. Policies that are coordinated across the whole supply chain in BSM 
foster the growth of the biofuels industry, and the production of tens of billions of gallons of biofuels may 
occur under sufficiently favorable conditions. 

WBS: 4.1.2.32 

Presenter(s): Emily Newes 

Project Start Date: 10/01/2020 

Planned Project End Date: 09/30/2023 

Total DOE Funding: $1,350,000 
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Photo courtesy of NREL 

COMMENTS 
• The management, risk, mitigation strategies, and communication were all very well communicated here. 

I appreciated that this project emphasizes the importance of and engages with policy, using the BSM to 
gauge the impact of various policy scenarios. In this way, the BSM seems to offer innovation within the 
broader portfolio as well as potentially significant impacts for collaborators. The progress and outcomes 
comply with the project’s stated goals and applications. 

• The project approach has substantial merit to advance the SOA and is relevant to the BETO Program and 
Technology Area goals. The system dynamics modeling was clearly described, including the calibration 
and validation. The project approach has significant potential for innovation in its application. The 
project has a clear management plan and a successful implementation strategy. The risk identification 
and mitigation strategies were well identified and seem to have been managed. The project provides 
routes for communication and collaboration with relevant stakeholders. The collaborations and 
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connections with other national lab models are excellent and comprehensive. Stakeholder engagement of 
others in academia and industry could improve the impact and reach of the project. 

• This is an important project, and it seems as though a vital metric of success is whether the information 
gets into the hands of policymakers. It’s good to see robust stakeholder outreach. This is a project where 
the focus on environmental equity will be a particularly valuable metric. 

• This project is well positioned to provide strategic insights to key stakeholders, such as policy audiences. 
Its backcasting to project the impact of the renewable fuel standard for the report to Congress is a great 
example of this impact. I further appreciate its strategic approach to key pinch points (e.g., infrastructure 
for sustainable aviation fuel for an airports consortium). It would be good to see more clarity around who 
target policy audiences are and strategy around how to reach them and influence their decisions. Further, 
in such a complex model, how is the team quantifying, addressing, and communicating uncertainty? 

• This project occupies an important niche within the program areas portfolio while also drawing on 
valuable resources and models elsewhere within BETO to reduce redundancy. The insight provided by 
the BSM on the deployment of new pathways in the bioeconomy is novel and can help guide strategic 
decision making. The project team was very clear on the risks inherent to this modeling approach and 
developed an impressive risk mitigation approach based on frequent stakeholder feedback and model 
calibration. Their efforts to ensure that the results of the modeling are transparent, reproducible, and 
consistent with historical data should be commended. The use of BSM by industry stakeholders as well 
as policymakers points to both the importance of this work as well as its analytical rigor. 

PI RESPONSE TO REVIEWER COMMENTS 
• We appreciate the numerous positive comments that the reviewers offered and are grateful to the 

reviewers for their time, consideration, and support. We are glad that the reviewers found useful the 
overview of project approach, management, and risk mitigation. We are always cognizant of making 
model results comparable, transparent, and reproducible, and we are pleased that our attention to 
collaboration, outreach, adaptability, and defensibility of inputs is apparent. We too feel that our 
collaboration with bioenergy stakeholders has been impactful in helping them think through different 
investment and policy decisions. We will continue to network with academia and industry to build more 
relationships and increase the impact and reach of our work. Historically, our target policy audience was 
the U.S. federal government agencies and journal readers; however, that has been shifting recently to 
include industry. We are working now on a strategy to broaden our dissemination of analysis results. 
While not a primary focus of this project, we will be looking into ways of incorporating environmental 
justice into our model outputs. This is especially true as we develop the Regional Bioenergy and 
Economy Model (RBEM). In addition to RBEM, team members are involved to varying degrees in 
projects that address environmental justice. We anticipate that knowledge gained in these areas will help 
to inform our efforts in this project. We have completed extensive sensitivity analyses of the BSM, upon 
which uncertainty analyses may be performed. Pervasive uncertainties regarding many aspects of the 
biomass-to-bioenergy supply chain persist. The strategies around the calibration and validation of our 
models described in the project approach build confidence in but cannot dispel these uncertainties. We 
are limited by data availability because we are looking into the future for processes that don’t fully exist 
today. To address this challenge, studies with the BSM routinely test hundreds to thousands of unique 
conditions, based on combinations or statistical samples of inputs, and we develop and improve the 
computational infrastructure to perform and track large numbers of simulations. We incorporate the 
ranges of results that are included in some of the model inputs, such as techno-economic factors and 
feedstock production levels for many of our model runs. Instead of making predictions, we strive to 
report results that are robust to those uncertainties. Reporting may highlight a small number of 
simulations to illustrate system behaviors, while large numbers of simulations in the background provide 
data on the prevalence of those behaviors. We continue to look for more effective ways of quantifying, 
addressing, and communicating uncertainty in our models. 
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BIOFUELS NATIONAL STRATEGIC BENEFITS ANALYSIS 
Oak Ridge National Laboratory 

PROJECT DESCRIPTION 
This project helps DOE assess, quantify, and explain 
the economic and energy security/resilience benefits 
of biofuels and bioproducts. It identifies opportunities 
and contributions of bioenergy and bioproducts to 
advance economic welfare and improve resilience in 
the context of changing market conditions and 
incentives. To meet its objectives, the project 
approach is twofold. First, BioTrans—a mathematical programming model that optimizes long-run investment 
and operation decisions along the U.S. biofuel/bioproduct supply chain—is used to simulate scenarios of 
interest regarding market conditions, policy changes, and supply chain configurations. Second, empirical 
analysis of historical data is conducted to analyze the dynamics of the price relationship between 
biofuels/bioproducts and the corresponding petroleum-based incumbents. During the current merit review 
cycle (FY 2019–2021), this project focused on the economic analysis of various opportunities for bioeconomy 
growth: first, the potential value of biofuel to improve light-duty vehicle fuel economy through an octane 
performance standard; second, the role of bioproducts to support growth and improve resilience of the U.S. 
advanced biofuel industry; and third, opportunities and challenges for biofuels in the marine shipping sector. 
Additionally, the project team tested the potential benefits from high-performance computing implementations 
of the BioTrans model to enable richer scenario sets and increased model granularity.  

 

COMMENTS 
• A key strength of this study is not only its insight but also the multiple levels of applicability, whether to 

inform individual producers of product slate shifts, and also to inform broader, national-level policy 
considerations on the bioeconomy; however, there appears to be too much focus on ethanol in lieu of 
more relevant long-term analyses. the focus on octane standard seems a bit outdated compared to this 
model’s potential to evaluate sustainable aviation fuels and bio-based materials. 

WBS: 4.1.2.41 

Presenter(s): Paul Leiby; Rocio Uria 
Martinez 

Project Start Date: 10/01/2018 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $650,000 
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• Although this is good research, I struggle to see how this work is made useful. The PI mentioned 
presenting results at industry conferences, which is good. Finding ways to move the analysis from the 
theoretical to the applied is key for this project’s success. 

• The project analyses are impressive and offer depth on the topics they explore, complementing other 
efforts in the BETO portfolio that remain largely high level. What was less clear was the target audience 
for these analyses, and any stakeholder involvement in defining what information would be most useful. 
Making this connection seems critical for the communication of this important research, especially as the 
project moves to incorporate another sector (marine) going forward. 

• This project brings a strong expertise in fuel markets to the BETO portfolio. The expertise of this PI is 
seemingly unique within the BETO portfolio. Research questions such as those being asked under this 
project (e.g., what would be the expected impact on fuel markets from a proposed octane performance 
standard) are very policy relevant. Enough so that I encourage BETO and this project’s PI to work on 
outreach to relevant policy audiences to ensure that this tool is applied where it can be effective. It is 
easy to imagine entities such as the Congressional Research Service using this tool or contracting with 
the project team on one-off analyses in support of ongoing legislative deliberations. This would require 
that the work be structured to be nimble and able to answer new questions quickly rather than built from 
scratch for each new analysis. Presumably there are models like this one already being used in the 
private sector because there’s significant money to be made from projecting future fuel price. What 
distinguishes this work from other tools that are available? 

• This project is very important for providing the economic and security justification of the bioeconomy, 
which brings more stakeholders to the table and provides long-term justification for investment in the 
bioeconomy. The approach is laid out clearly with a helpful comparison of the options for addressing 
different components and how the current project is addressing them. The analysis of the value of 
bioproducts for biorefineries is an important contribution because it shows that if a biorefinery has 
product slate flexibility, then the fluctuations in petroleum prices are not as problematic for the continued 
production of bio-based fuels and other materials. One of the challenges for the reviewers was in 
understanding how this model differs from other economy-wide models in and outside the BETO 
portfolio (e.g., Global Change Analysis Model [GCAM], Global Trade Analysis Project [GTAP])—it 
would be helpful for future presentations to clarify the distinctions in more detail. The analysis on an 
octane performance standard was very interesting hypothetically, but based on the presentation, it 
appears that its utility was superseded by events because the octane performance standard stopped being 
pursued between the time the analysis plan was developed and the completion of the work. It would be 
helpful as the model matures for the analysis responsiveness to be faster/more nimble so that the 
modeling team can respond to policy questions more rapidly. Given the potential interest in these 
analyses from policymakers and nonresearchers, the team should consider how to provide this 
information to different audiences rather than focus primarily on peer-reviewed journal articles. 

• This tool to evaluate the fuel market impacts of biofuel is well developed in its approach. The results 
certainly will be useful to the biofuels community. The PI should clarify how this model is different from 
and/or contributes to or collaborates with other computable general equilibrium models that are 
available. It seems that only ORNL and BETO marine fuels teams were engaged in the collaboration. 
The addition of other relevant stakeholders would benefit the development and impact of the model. 
Stakeholder engagement can improve the model development and user experience and increase potential 
that the model is used by stakeholders. 

PI RESPONSE TO REVIEWER COMMENTS 
• The team thanks the Review Panel for their positive comments regarding project content and relevance 

and their thoughtful suggestions on how to maximize project impact. A first set of comments pointed to 
the need for a clearer explanation of differences between our market equilibrium model (BioTrans) and 
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other models using the same general approach. A potentially useful way to compare these models is in 
terms of scope and level of detail. Rather than covering all sectors of the economy as other models (e.g., 
GCAM, GTAP) do, BioTrans focuses on the markets along the bioeconomy supply chain and their 
substitution and complementarity relationships with petroleum products. The representation of foresight 
in the model is another example of a modeling trade-off between detail and computation cost. Economy-
wide market equilibrium models are typically treated as dynamic recursive models that solve for one 
period at a time and do not account for intertemporal linkages. BioTrans assumes imperfect foresight as 
a default, and it is capable of a range of foresight between myopia (static/recursive) and full foresight. 
The 30-year model is solved in 6-year windows where the solution window is rolled 1 year forward each 
time (i.e., market participants see 6 years out and update their expectations every year). This treatment of 
foresight allows modeling market responses to shocks in a more nuanced way than a no-foresight or a 
perfect foresight model would. Our attention to volatility, shocks, and the flexibility/resilience of 
bioenergy and fuel systems are unique focus areas facilitated by our approach. Moreover, we believe a 
strength of our project is the combination of market equilibrium modeling with empirical analysis of 
historical market data to inform our model input parameter choices. We will develop some material 
(slides or a short write-up) highlighting differences between our modeling tools and other bioenergy 
models to include in future presentations.  

• Reviewers suggested the need to engage more stakeholders, broaden the target audience of the project, 
and “move the analysis from the theoretical to the applied.” The comments of the reviewers in this 
regard are very well-taken and very much in line with our goals at this point. Our initial target audiences 
have been BETO and other researchers in energy economics/bioenergy, and our deliverables (peer-
reviewed articles, technical reports/slide decks to BETO) have reflected that view; however, we strive to 
consider stakeholder views collected as part of larger BETO projects, regulatory proceedings, and 
conferences/webinars. As our model matures, our focus moves from the more technical aspects of model 
development to making the model results more widely known and actionable. We will actively consider 
how to better reach audiences of bioeconomy participants (farmers, marine shippers, policymakers, 
investors) as we plan our future deliverables and dissemination strategy. Apart from expanded direct 
conversations with stakeholders, writing articles for trade magazines and participating in industry-led 
events are two ways we plan to reach those audiences.  

• The reviewers also called for the project to become more nimble in terms of the topics it considers and 
raise the concern of excessive focus on ethanol. We agree with the importance/value of being nimble, in 
keeping with changing technological options and evolving programmatic priorities. The content of the 
model and questions of analysis have evolved over time to stay in synch with the priorities in the BETO 
Multi-Year Program Plan. Aviation and marine fuels are gaining increasing relevance for BETO, and we 
are in the process of redirecting our analysis toward them, in connection with the larger DOE Office of 
Energy Efficiency and Renewable Energy (EERE) research community and the U.S. Department of 
Transportation/U.S. Maritime Administration. We do believe it is important to continue including light-
duty vehicle ethanol/biofuel use in the model because it remains a large biomass use over the 
intermediate term (transitional period) and may influence biomass volume availability and cost for other 
sectors. Our goal is for the project to offer tools to assess bioenergy market outcomes in a variety of 
scenarios, including alternative policy incentives/policy designs, and to have a framework that is 
sufficiently flexible to be able to look at many potential policies without requiring extensive 
modifications of model structure. We note that, operationally, we promote the flexibility of our tools and 
approaches through the modular separation of data (domain of application) versus analysis (the reusable 
model structure and estimation routines) and through a well-documented/replicable code and workflow.  
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• The BioTrans model is version-controlled in GitLab and can be shared with interested stakeholders 
should they request it, but it is not publicly available yet. All associated R-based empirical analyses are 
similarly documented and replicable. At this point, the full version of the model is written in commercial 
software (General Algebraic Modeling Language, or GAMS) and uses commercial solvers, so only users 
that have a license to that software could run it; however, one of the goals and benefits of our current 
process of transition to high-performance computing is that the high-performance computing version 
uses open-source software and solvers, making it more widely accessible. 

  



2021 PROJECT PEER REVIEW 

 

722 DATA, MODELING, AND ANALYSIS 

GCAM BIOENERGY AND LAND USE MODELING AND DIRECTED R&D 
Pacific Northwest National Laboratory 

PROJECT DESCRIPTION 
This project provides a quantitative analysis of 
bioenergy in a long-term, multisector context. The 
PNNL GCAM is a community model of global 
energy and land use. GCAM has an international user 
base, and it has been widely used for DOE, EPA, and 
private industry. GCAM provides complementary 
insights into TEAs and LCAs in that it gives a long-term, multisectoral economic context for the scale, role, 
and impact of bioenergy. The project’s main challenge is to manage the complexity of modeling detailed 
bioenergy systems and data within the larger GCAM structure. The focus of this FY 2019–2021 project is to 
analyze bioenergy in the integrated context of energy, land use, and carbon management. In studying the 
economics of a system that credits carbon captured for carbon capture, utilization, and storage rather than 
carbon abated, we found that the carbon capture, utilization, and storage credit system did not favor biopower 
over fossil power. We are also performing a joint modeling exercise with GCAM and the NREL BSM team in 
which we share concepts and data while running parallel scenarios of bioenergy and carbon management. The 
goal is to explore insights gained from using these two models of complementary scope and detail. Finally, in 
conjunction with a multi-lab BETO team, we are developing modeling methods to explore bioenergy and soil 
carbon as part of an effort to consider the value of ecosystem services in an integrated analysis of the trade-offs 
between land and energy. 

 

WBS: 4.1.2.50 

Presenter(s): Marshall Wise 

Project Start Date: 10/01/2018 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $475,000 
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Photo courtesy of PNNL 

COMMENTS 
• This is another impressive multipronged project within the portfolio. The management plan was 

successfully articulated, with clear communication pathways and schedules. The project seems to allow 
for multiple avenues of communication both within the project and with BETO, collaborators, and the 
open-source user community and an impressive level of transparency and access in addition to the 
responsibilities of developing and maintaining the GCAM model itself. I appreciated the note that one of 
the major challenges was defining an appropriate complementary scope and level of detail to provide 
insights while avoiding unhelpful complexity, which I imagine is a major challenge for all projects 
playing a similar support/tool-building role. I was encouraged by the inclusion of ecosystem services in 
the model, though I was left wondering at what scale this aspect would be applied. It seems the inclusion 
of ecosystem services would offer helpful insight at higher resolutions in the U.S. context. If ecosystem 
services will be incorporated into GCAM-USA, I would encourage the project performers to consider 
communicating with other projects in the portfolio that are more focused on biodiversity as an ecosystem 
service. Although this variable may be beyond the scope of GCAM per se, the inclusion of biodiversity 
ecosystem services in GCAM may drive important feedback loops that influence variables more squarely 
within the scope, especially at greater spatial resolution. 

• Big applause for getting the word out to industry (presenting at the airport consortium). This work relates 
to the decarbonization project, and it should also consider adding the ecosystem/biodiversity impacts to 
assessing the water and soil trade-offs of land use change. 
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• GCAM is an important model that supports bioenergy and the BETO goals. The stakeholder engagement 
in the project is excellent; hosting an annual meeting specifically for this model is an excellent idea, and 
it should be adopted by other major national lab models!  

• The GCAM project is a particularly valuable component of BETO because it represents the 
bioeconomy’s impacts in a wider, global integrated assessment framework. This allows BETO to assess 
the role of its portfolio in a broader context, thereby fulfilling an important role. The modeling 
framework is versatile and can be used to assess important topics such as the 45Q tax credit or the value 
of ecosystem services. The model’s importance is underscored by its usage outside of DOE and its wide 
user base. In particular, the recent efforts to coordinate modeling runs with the BSM model speak 
positively of the project team’s effort to review their assumptions about biofuel pathway techno-
economics and improve their model. It would be helpful to see a similar effort to compare the model 
assumptions on measurable assumptions such as soil carbon fluxes and feedstock yields.  

• The global coverage and user base of this tool make it invaluable, and it is showing its impact through 
publications and policy application. The strong GCAM/BSM interaction leverages each tool’s/team’s 
capabilities and could reduce risk of duplicative effort. This is worth further promoting and clarifying 
relative roles. It is not clear whether the goal of this project is to maintain and build GCAM or to extend 
its capability and applications? Further, in such an extremely uncertain type of analysis, it would be good 
to see more recognition of uncertainty and clarity around how it is managed and communicated. Finally, 
I would have liked to see the PI clarify pathways for impact. 

• Two key advances in the review period include alignment with the BSM and enabling use of GCAM-
USA in BETO analyses. These efforts enhance the utility of the tool and provide more consistency 
among BETO analyses. The BSM/GCAM alignment leverages complementarities and reduces the risk of 
duplicative efforts. Adding economic value of ecosystem services would be excellent. The flexibility the 
PI described with regard to being able to use existing governmental or market carbon prices or to set 
targets and identify carbon prices to meet that will be very useful. Regarding the analysis of ecosystem 
services, it is important to clarify the distinctions of this modeling efforts relative to other similar 
models, such as GTAP-Bio, and the rationale for developing BETO’s own tool. Further explanation of 
how this model differs from or contributes to others within the BETO portfolio (e.g., Integrated Life 
Cycle Sustainability Analysis tool, BioVest modeling collaboration, BioTrans) would be helpful. 
Concrete metrics such as the number of users, downloads, papers, etc., provide useful insight into the 
adoption of this tool. No explanation is provided of the peer review process for the model itself; this 
would be helpful to understand how thoroughly this model is vetted. 

PI RESPONSE TO REVIEWER COMMENTS 
• Thank you to all the reviewers for your helpful comments and insightful questions. We too are very 

optimistic that the pieces have come together for us to be able to analyze bioenergy in the context of 
ecosystems services—in addition to its potential for carbon management in the energy system. In 
addition to Marshall Wise, the PI, much credit for the progress during the last 2 years on this project 
goes to Candelaria Bergero at PNNL, who will be lead and coauthor on forthcoming papers from this 
work. There are too many members to mention from the PNNL GCAM team who have built this 
capability over the years. For their specific efforts on modeling land use and agriculture, we 
acknowledge Kate Calvin, Page Kyle, Abigail Snyder, and Stephanie Waldhoff of PNNL. And for their 
foundational and continued efforts in developing the GCAM model as a whole, we acknowledge Jae 
Edmonds, Sonny Kim, and Pralit Patel. Within the scope of GCAM itself, we are best equipped to model 
the ecosystem services that have outcomes that can be clearly physically measured in a way that can 
affect the economic decision making. Ecosystem impacts that affect crop yields have a direct physical 
and economic impact on land use and agricultural decisions. Ecosystem impacts that affect water 
retention also affect yield as well as the demand for irrigation water, which can also be directly 
considered in GCAM. In addition, impacts on soil carbon can be valued directly as part of an incentive to 
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increase carbon stored. Biodiversity may be something that is beyond the scope and resolution of GCAM 
or GCAM-USA. But as part of discussions of the BETO Sustainable Land Management group, we are in 
regular discussion with staff using models like Oak Ridge’s BioVest analysis that consider more factors 
at greater resolution. We do not have complete historical statistics on the total number of GCAM model 
downloads. By looking at traffic on the GitHub site for GCAM, we estimate the total number to be in the 
thousands. We have collaborated with users in dozens of countries during the last decade. In terms of 
model review, the initial peer review process is internal to PNNL. The BETO PI is on the GCAM core 
model review leadership team. All data, methodologies, and impacts on model results must be reviewed 
and approved before incorporation into the GCAM official model. All inputs must also be documented. 
The appropriateness of the level of detail for inclusion into GCAM must be defended, which is judged by 
the impact on the analysis as well as implementation feasibility and tractability. Impacts on model 
solution and size are always important.  
 
In terms of outside validation, the journal peer review process for our published analysis is a key 
indicator of the quality of modeling. Recently, we have been publishing model description papers in 
journals devoted to model review such as Geoscientific Model Development. We also participate in most 
of the Stanford Energy Modeling Forum studies that involve multisectoral energy models. Our team has 
much experience with and respect for modeling efforts such as GTAP-Bio as well as Integrated 
Assessment Models that explore biofuels, land use, and the economy. We differ from computable 
general equilibrium models such as GTAP in that all of our modeling of technologies and processes is 
done in physical units rather than more abstractly with economic production functions that operate in 
monetary units. GTAP and other economic models are better equipped than GCAM to consider broader 
impacts of changes on near-term international trade as well as on the overall economy. As to the family 
of integrated assessment models, there is a heterogeneity of approaches that itself lends to 
complementary insights. GCAM’s solution approach is nonlinear market equilibrium, which gives 
different insights than models that are based on linear optimization. GCAM also differs from some in the 
approach of modeling the potential for economic expansion into natural lands for bioenergy as a scenario 
assumption rather than assuming it is not allowed. In terms of the coordination with the BSM, we are 
learning from the complementary perspectives about scale and rates of expansion. That may lead to more 
precision in specifying technology parameters in GCAM that reflect shorter-term considerations that are 
not always captured well in GCAM. 
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WATER RESOURCE MANAGEMENT FOR BIOENERGY AND 
BIOPRODUCTS 
Argonne National Laboratory 

PROJECT DESCRIPTION 
This project aims to develop science-based tools and 
metrics for an improved understanding of the 
relationships between biofuel production and water 
intensity, regional freshwater availability, water 
quality, implication of alternative water use, and 
trade-offs. The objectives are achieved by three tasks: 
(1) develop models and analysis to estimate the water footprint of cellulosic and algae biofuel pathways and 
water availability at the regional, state, and county level; (2) develop watershed models to simulate landscape 
design with conservation practices using biomass and estimate cost benefits to water quality at the watershed 
scale; and (3) analyze biorefinery water management and explore reclaimed water use for bioenergy. The 
project delivers a set of analyses and data inventory to illustrate the impacts of water use and availability in 
future cellulosic and algae scenarios, available in the spatially explicit WATER model. The watershed 
modeling work provides economic and environmental cost-benefit analyses. These results feed to BETO’s 
R&D activities to support informed decision making by stakeholders in collaboration with GREENSCOPE 
(NREL), Supply Chain Sustainability Assessment, and GREET. 

 

WBS: 4.2.1.10 

Presenter(s): May Wu 

Project Start Date: 10/01/2020 

Planned Project End Date: 09/30/2023 

Total DOE Funding: $1,500,000 
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COMMENTS 
• The project contributes a solid effort on water expertise, and its contribution to the overall BETO 

portfolio was clearly communicated through this presentation. There are certainly benefits to the clear 
delineations created through resource expertise in research groups, and the presentation helpfully 
identified the diverse avenues for collaboration that bolster projects across BETO and beyond. The 
baseline analysis for the algae pond/reclaimed water aspect of the project seems a particularly important 
effort, and it is well executed. The trade-offs and efficiencies inherent in using reclaimed water were 
clearly communicated, and later more thoroughly elaborated in the Q&A, indicating an innovative, 
though realistic (and therefore more useful) vision of implementation. The list of deliverables since the 
2019 Peer Review was impressive. This is certainly a crucial and cross-cutting component of the BETO 
portfolio. 

• This is a great project. Of the stakeholders consulted, it would be good to see environmental NGOs 
added to the list to facilitate public acceptance of bioenergy. 

• This project fills an important gap in many DOE BETO projects: water quality and water footprinting 
tools that are clearly defined (i.e., what is included in the water footprint) will help many tools improve 
their sustainability assessment. The types of collaborators seem quite extensive. The USDA Agricultural 
Research Service folks have many different water models (often for irrigation); have you connected with 
them? For the algae project, are you collaborating with the big hubs (e.g., Arizona State University)? 

• This project provides a very comprehensive assessment of the water use impacts of biomass production. 
The project not only provides a geospatial assessment of water resources but also can provide more 
targeted assessments of water availability and resource use for specific bioenergy pathways, linking 
effectively with other projects. The work appears to be well coordinated with some parts of the portfolio, 
particularly the ANTARES integrated land management effort and GREET. This effort has been utilized 
to inform policymaking (renewable fuel standard evaluation) and by industry to assess its own 
performance.  

• This project team has developed deep expertise in the water/bioenergy nexus. They appear to be a node 
for water impacts in the portfolio, and they should be leveraged to support other efforts that seek to 
address watershed-scale quality and quantity impacts in a harmonized fashion. This would leverage 
existing capacities as well as better parameterizing water modeling with ground-truthed data sets. They 
already appear well integrated—collaborating, for example, with the PNNL team, extending the site 
section and optimization conducted by the other team, and bringing in the watershed modeling element. 
An apparent new focus on reclaimed water is strategic and useful. 

• Understanding the water impacts of bioenergy production is critical for the environmental evaluation of 
different pathways and supply chains. The outline of connections to other models is helpful, and this 
group can provide key support for a range of other projects regarding water availability and quality. The 
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reclaimed water analysis for algae production provides a useful perspective on how an algae production 
system could be sufficiently fed with water; it would be helpful to understand what current uses of 
reclaimed water are and whether the additional algae production would lead to competition for reclaimed 
water, or if there are barriers to using the reclaimed water. The finding that water intensity has decreased 
by 54% in 19 years is remarkable and a testament to the emphasis DOE and others have put on the 
water-energy nexus to raise awareness of water intensity as a concern. The WATER model appears to 
use soybean as the only representation of oilseed production, which may not be a good proxy for all 
oilseeds. 

PI RESPONSE TO REVIEWER COMMENTS 
• The project team would like to express our appreciation for the reviewers’ effort and input. Your 

compliments to the achievements, suggestions on potential water resource issues, gaps to be addressed in 
tools/models, and increased interactions with NGOs and additional projects in BETO’s portfolio are 
extremely valuable to guide the project moving forward. We will take the advice in our work planning to 
continue addressing the impacts of bioenergy production technologies on water quality and quantity, 
contributing to BETO’s mission of building an economically viable and environmentally sustainable 
bioeconomy. 
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INTEGRATED LANDSCAPE MANAGEMENT 
Idaho National Laboratory 

PROJECT DESCRIPTION 
The primary focus of the Integrated Landscape 
Management project is to develop modeled pathways 
to augment bioenergy feedstock supply practices with 
established supply chains, such as traditional 
agricultural production systems. It is intended that 
potential pathways yield economic and environmental 
improvements while supporting an emerging bioeconomy. During the past 2 years, a land parcel scoring and 
design framework, known as the bioenergy Landscape Environmental Assessment and Design System 
(bioLEADS), was developed and used to show through modeling that it is possible to reduce herbaceous 
biomass feedstock access costs, improve revenue, and shift intensive agricultural row crop production away 
from subfield areas susceptible to erosion and low in soil organic carbon. The purpose of bioLEADS is to 
automate agricultural field selection and subfield allocation for perennial energy crop production and/or crop 
residue harvest and collection while incorporating reduced biomass feedstock access costs to support attaining 
DOE BETO cost targets. To support the development of bioLEADS, advanced geospatial, machine learning, 
and optimization techniques were utilized to improve industrial relevance and maintain parity with the digital 
agriculture state of technology. This resulted in the ability to leverage bioLEADS to reduce biomass feedstock 
access costs by 30% from baseline assumptions outlined in the Herbaceous Feedstock 2017 State of 
Technology Report while improving aggregate economic revenue at a field level and environmental outcomes. 
Additionally, the project’s modeling capabilities have become a critical component of the larger BETO 
feedstock analysis modeling ecosystem spanning multiple national laboratories and the Feedstock 
Technologies and Data Modeling and Analysis platforms. The project has generated or contributed to multiple 
peer-reviewed publications, generated a patent application, and garnered an R&D 100 award. Starting in FY 
2021, modeling efforts have shifted toward expanding Integrated Landscape Management analysis capabilities 
to woody feedstock supply systems.  

  

WBS: 4.2.1.20 

Presenter(s): Mike Griffel 

Project Start Date: 10/01/2020 

Planned Project End Date: 09/30/2023 

Total DOE Funding: $900,000 



2021 PROJECT PEER REVIEW 

 

730 DATA, MODELING, AND ANALYSIS 

 
Photo courtesy of INL 

COMMENTS 
• The goal of reducing the cost and soil impact of biomass cultivation is important, and the award this 

project has received is evidence of the novelty and potential of the tools it has developed. It is not readily 
clear, however, what pathways are available for its application. Do we anticipate that farmers would be 
willing to plant odd-shaped areas to biomass based on modeled optimization or that counties could 
allocate biomass cropping to privately held farms that have been found most suitable? A strategic 
approach to further model development and application would be welcome. It is not immediately clear 
what is occurring under the umbrella of this project versus leveraging other work from within the BETO 
portfolio. This would be useful to better understand how this project is unique within the BETO program 
rather than duplicative of other efforts. 

• The management was clearly communicated, but it lacked a statement about risks and mitigation 
strategies, which seems crucial for a project proposing an integrated landscape production scheme. For 
example, what is the team’s evaluation of the extent to which these technologies and tools will be 
adopted by the intended audience? While the field and subfield-scale analyses seem highly relevant and 
impressive, without mention of producer or landowner interest, it’s unclear the extent to which the 
technologies will be a welcome tool. 

• The objectives of the project are clearly stated and extremely important for the viability and performance 
of feedstock production. The diagram of how this project connects with other projects and labs is very 
helpful. The subfield crop allocation work is innovative and important, and it has implications for any 
agricultural producer, not just for bioenergy crop producers. A significant gap and future opportunity 
would be to verify the modeling in the field for both the equipment efficiency and crop allocation 
modeling. Another gap/future opportunity would be a pilot study to demonstrate farmer adoption of 
these modeling tools to make decisions about their land. The summary suggests the team is well-
positioned to work in additional domains, such as municipal solid waste, but this idea is not fleshed out, 
and it is not evident how the team would address municipal solid waste with the tools developed for 
agricultural crop work. 

• The project’s findings answer the research questions well. The switchgrass results are very compelling, 
and it’s good to know that there is potential for other crops to be subbed in, should there be no market for 
switchgrass. I don’t feel that the environmental data are diverse enough to support fruitful decision 
making. In that regard, the Cristina Negri project 4.2.2.12 complements this work well, this one being 
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the economic justification and the other being the environmental. It would probably be more efficient to 
combine both tasks into one project. 

• This project provides a very intriguing opportunity to optimize existing agricultural land through the use 
of modeling. The project team has shown significant progress by finalizing their crop yield prediction 
tool, which generates results very close to real-world data collected by satellite. Although this approach 
yields clear recommendations for optimal subfield crop allocation, this project may necessitate additional 
work to distill those recommendations into actions for stakeholders. Further, it may require an additional 
risk assessment strategy on implementation barriers for mixed crop allocation. 

• This reviewer is not familiar with POLYSYS, and the presentation and model development were 
difficult to follow. Although the approach is relevant to this BETO program, it was difficult to tell if the 
project has significant potential for innovation in its application. More information on how the model 
was developed, its capabilities, and who uses it would be very helpful to complete a thorough review. 
The management plan and implementation strategy could have been laid out more clearly: who is doing 
what, what are the mitigation strategies and associated risks, who are the stakeholders and/or users. 
Industry engagement will be critical to enhancing impact. In particular, collaboration with USDA and 
USDA Conservation Action Plan projects could be advantageous. For the most part, it seems that the 
project has made appropriate progress toward addressing the project goals. A timeline or Gantt chart was 
not presented to adequately evaluate progress. Only one bullet really identified a project schedule action, 
which was very broad. 

PI RESPONSE TO REVIEWER COMMENTS 
• This project has provided the foundational work on field/subfield-level concepts of biomass production 

as a way to improve on-farm profits and reduce environmental impacts of agriculture. This work has 
spawned the interest in quantifying the ecosystem services and potential impacts of supply at finer 
resolutions than the county level. We have served as a collaborator in these projects to maintain the tie 
between the larger Integrated Landscape Management concept and these additional analyses, so typically 
the work of this project is being leveraged in the other projects. We recognize that the approach that we 
present tends to go against convention; but if we are to rely on conventional practices, there has been 
little evidence that it will lead to the attainment of desired goals. Unless something drastically changes, 
bioenergy crops being produced at competitive prices with traditional cereal grains or soybeans will 
result in a feedstock that is too costly for fuel production. Using site suitability as a tool to assist in the 
tactical planning of potential firms that are interested in contracting for biomass feedstocks means they 
will be able to identify and prioritize locations to target for the establishment and production of 
bioenergy feedstocks. Although all the highest suitability areas will likely not choose to participate in the 
development of the supply chain, the approach of targeting the most suitable areas first will likely 
compress the amount of time needed to establish sufficient supply and reduce the overall cost of the 
material compared to a more random approach. Then through field optimization, a farmer can increase 
their per-acre revenue through the inclusion of bioenergy production. Although we are aware of the 
potential resistance to ununiform fields, we have addressed this through maintaining the operational 
requirements of production agriculture as a constraint on the field design. Additionally, with the adoption 
of Global Positioning System navigation and auto-steer, the barrier to innovative field design is reduced. 
Also, this approach is not that different from approaches used for precision agriculture, which is being 
embraced by producers. The observation of the close relationship between this project and 4.2.2.12 is not 
by coincidence, and we have collaborated very closely with Cristina and her project to provide benefits 
based on the expertise of the two teams. We are also working to improve the incorporation of the results 
of 4.2.2.12 into the economic framework; however, we feel that combining the two projects would 
potentially dilute the overall scope of work. Ultimately, the real value of this project will come with 
engagement with industry. We have been in discussions with two agricultural companies to potentially 
license the site suitability and crop yield models. We feel that these discussions are indicative of the 
potential impact that this project can have on the industry. Also, we are continually trying to engage 



2021 PROJECT PEER REVIEW 

 

732 DATA, MODELING, AND ANALYSIS 

more stakeholders, and that is a key facet of our engagement with the USDA/DOE Interagency Working 
Group and our participation in the USDA Conservation Action Plan project. Currently, we have team 
members who are or have been directly involved with two of the USDA Conservation Action Plan 
projects. 
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BIOFUELS AIR EMISSIONS ANALYSIS 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
This project is focused on providing much-needed 
data and analyses that address biorefinery air 
permitting. This project develops models and 
quantitative analyses and measures progress toward 
meeting air quality regulatory requirements. It is 
important to emphasize that air emissions from 
biofuels depend in large part on how biomass is produced and converted to biofuels. An accurate air quality 
impact assessment requires understanding not only the type and magnitude of air pollutant emissions but also 
where and when pollutants are released to the environment, aligning with the latest understanding of how 
biomass will be produced, collected, and then converted to fuels. Since the initiation of this project, we have 
been building BETO’s capability to meet stakeholders’ stated needs to accurately assess potential air quality 
impacts by addressing a number of research gaps, including (1) a scarcity of spatially, temporally, and 
chemically resolved air pollutant emissions inventories for the biofuel supply chain(s); (2) a lack of 
understanding about the types and quantities of air pollutants emitted from advanced biofuel conversion 
process designs and whether these advanced design cases can meet federal air regulations; and (3) a dearth of 
quantitative emissions estimates on criteria air pollutant emissions from different advanced biomass logistics 
systems envisioned for biomass feedstocks to supply a large-scale bioenergy industry. In addition to filling 
research gaps, this project aims to disseminate and communicate our results to the relevant stakeholders at 
BETO, the national labs, and regulatory agencies.  

 

WBS: 4.2.1.30 

Presenter(s): Danny Inman 
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COMMENTS 
• The Feedstock Production Emissions to Air Model (FPEAM) is an important model quantifying air 

emissions for biorefineries. It’s excellent to see that the model includes a smidge of environmental 
justice with respect to particulate matter (PM) 2.5 by demographics (step 6) and health impacts (step 4 in 
InMAP)—this should be expanded to enable analysis by demographic and socioeconomics; however, 
PM is only one important air emission that impacts health; more should be included. On slide 17, you 
include O3; it’s not at all clear how you estimate health or any impacts with this data. Although this is a 
good start, there is much more to be done to address environmental equity and access to clean air and 
water, per your market trends slide; one metric is not enough. Please be careful making equity and 
justice claims without much rigor. Slide 6 states that stakeholders are engaged, but it was originally not 
clear who, how, and to what end/outcome. Per the presentation, stakeholders engaged include the EPA’s 
Motor Vehicle Emission Simulator (MOVES), Exxon, and a few air quality agencies, in addition to 
possibly some groups in a workshop. There are so many other companies and industries that should be 
engaged with respect to biorefinery air emissions. A more robust approach to stakeholder engagement, 
and connections across other DOE modeling efforts, should be made. 

• It’s great to see this project evaluates air quality emissions from not only a regulatory compliance 
vantage point but also a public health and environmental justice angle. This work is critical to 
understanding how to prevent bioenergy operations from affecting peoples’ lives who live in close 
proximity. 

• The project performers have outlined and implemented a well-defined and highly relevant project, given 
its target in the process design phase, that offers useful information to BETO partners and other 
stakeholders. The project appears to be on time with deliverables. The inclusion of an environmental 
justice component to this project is good to see and encouraged in future work. This and other projects in 
the portfolio might consider collaborating with researchers whose expertise centers on environmental 
justice to fine-tune the analysis and further elucidate patterns of injustice and inequity associated with air 
pollution exposure. 

• The project team has deep background and expertise on air quality impacts of bioenergy production and 
processing. Their ability to inform policy by predicting emissions performance is useful, and efforts 
should be made to test its utility through strategic outreach to policy stakeholders. Their apparent focus 
on environmental justice as well as attention to the challenges posed by emerging pathways such as 
WTE systems in urban areas is strategic. 
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• This very innovative project provides pathway/process designers with a method to test emissions 
performance during design. The approach is clearly defined and leverages existing and previously 
developed models that are publicly available (e.g., MOVES, FPEAM, InMAP). The project provides 
process design feedback in a geospatially explicit way and prevents a major cost/pitfall of design 
implementation (exceedance of air quality requirements). The example results for hydrothermal 
liquefaction demonstrate the utility of this approach to identifying the implications of current process 
design as well as considerations for improving processes and/or siting facilities for hydrothermal 
liquefaction. It would be interesting to explore the option of having this model used by the EPA as a 
screening-level tool for permitting facilities. It was great to see the equity acknowledgement. Given the 
frequent confluence of air quality issues and environmental justice communities, an equity-focused team 
within the BETO portfolio could potentially complement this with additional analyses or tools. 

• This work provides a targeted assessment of the air quality impacts of biomass production across the 
supply chain. The feedstock production emissions to air model appears to be well-integrated with 
POLYSIS and the EPA’s widely used MOVES model. The preliminary outputs look very promising and 
offer an insightful look at the full supply chain air quality impacts of the hydrothermal liquefaction 
process. This project has a very clear goal and an effective management plan to get there; however, the 
risk assessment appears limited to budget uncertainty and uncertain requirements. This does not fully 
cover the full set of risks for this approach. An important consideration for continued work is the 
discrepancy between modeled and real-world emissions at biorefineries, at least for those bioenergy 
pathways that are already in operation. Additional work may be necessary to validate and ground-truth 
these estimates. 

PI RESPONSE TO REVIEWER COMMENTS 
• Thanks for your comments. As for PM2.5, InMAP is designed to take only PM2.5 as input because the 

developers felt it to be the most impactful air pollutant. InMAP was developed and is maintained by 
Washington State University, and we use it in its “stock” form to link to our other models, such as 
FPEAM. We recognize that this is one limitation to using InMAP; however, it has not been within our 
scope of work to expand its capabilities. That said, in future years, we can work with the team at 
Washington State University on potentially expanding the inputs to InMAP.  
 
Our stakeholders have provided feedback on our modeling approach and have acted as collaborators over 
the years. The workshop that was mentioned was to solicit feedback on the usability of and to beta test 
FPEAM. This group consisted primarily of university and national laboratory researchers. That said, 
your point is well taken, and we will work to broaden our outreach efforts to involve additional 
stakeholders in our future work.  
 
Our work in environmental justice is in its nascent phase, and we are working to expand it and will be 
collaborating with other national laboratory partners in the future.  
 
We have been working to collect data on real-world emissions from biorefineries. We have assembled a 
database of existing biorefinery air permits. This can be found on the KDF here: 
https://bioenergykdf.net/content/database-biorefinery-air-pollutant-emission-permits.  GREET is an LCA 
tool that performs high-level analyses. The GREET team uses process-level data from published design 
reports and other publicly available sources. We use Aspen and ChemCAD to examine process designs 
that are in development, and using those tools, we make process modifications to the design case(s). We 
maintain an active relationship with the developers of GREET for data exchange and sharing of results. 

  

https://bioenergykdf.net/content/database-biorefinery-air-pollutant-emission-permits
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INTEGRATED LIFE CYCLE SUSTAINABILITY ANALYSIS 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
This project provides BETO with strategic decision 
support for the evaluation of its R&D portfolio by 
developing, validating, and applying a coherent 
methodology and consistent model framework to 
quantify the net effects of an expanding U.S. 
bioeconomy. The framework fills an analysis gap 
previously identified by the Peer Review and supports a related milestone in BETO’s Multi-Year Program 
Plan. The framework was scoped with inputs from practitioners in academia, national laboratories, and federal 
agencies. The model is a top-down, economy-wide framework using a coherent methodology to compute 
environmental and socioeconomic metrics. It is purposefully complementary to existing bottom-up, process-
based TEA and LCA BETO tools and uses their data as inputs. Presently, the model covers several commercial 
and near-commercial biofuel routes and an emerging pathway for plastics upcycling. It covers temporal detail 
across four time steps and is currently being expanded with a prospective modeling capability. The model has 
provided analyses for the third Triennial Report to Congress on the environmental effects of the Renewable 
Fuel Standard, among others. As part of this project, NREL also provides scientific support to BETO in the 
International Energy Agency’s Technology Collaboration Program on Bioenergy (IEA Bioenergy) Task 45 on 
Sustainability. Here, NREL evaluates and synthesizes activities that develop, compare, or apply metrics, 
methods, and tools to quantify sustainability effects of bioeconomy products. NREL also coordinates related 
national lab involvement and a BETO Working Group on Sustainable Land Management. 

  

WBS: 4.2.1.31 
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Photo courtesy of NREL 

COMMENTS 
• Complexity is a risk factor. Because this model is a bit of a black box (or needs a more in-depth 

conversation than the Peer Review), expert vetting will best assist this model’s outcomes. Another 
mitigation strategy is sensitivity analyses, which is particularly important when dealing with the different 
time frames of carbon accounting that require direction policymakers (for instance, see the EPA’s 
Science Advisory Board—Biogenic Carbon Panel, which decided to provide the performance of woody 
biomass over all timescales in order to give policymakers the option to choose the time frame they feel is 
best). It’s good to see this modeling build out areas of social and environmental equity. And the 
outcomes, feeding into executive and legislative reports and analyses, are quite good. 

• The project’s management, communication, and risks were clearly presented here. The project clearly 
complements the other bottom-up efforts in the portfolio by offering a top-down, high-level, decision-
making tool. Progress appears on target. The PI clearly communicated that the model is limited by the 
input models it aggregates. The challenge of creating a generalized model for the whole of the U.S. 
economy while maintaining a useful level of resolution is no small feat, certainly. Still, it seems this 
project would benefit from the inclusion of more and diverse economic indicators to create a more 
nuanced understanding of the expanding bioeconomy’s economic impacts. 

• The time series of harmonized economic and environmental data sets are exceptionally novel and have 
potential to understanding resource intensity over the evolution of biofuels. Similarly, the ability to 
estimate impacts of emerging technologies, such as plastics upcycling, has potential to provide valuable 
information to growing industries and technologies. The ability to look into commodity sectors and their 
contributions to products and technologies will help drive the sustainable development of products and 
technologies. In terms of stakeholder engagement, the team seems to have collaborated with DOE labs 
and others (e.g., EPA, USDA), but the details and depth of these collaborations were not clear. The team 
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utilizes a working group to inform their progress, but, again, details and scope were lacking. The team 
would do well to engage a variety of stakeholders in their work, outside of federal agencies and labs. The 
team should reach out to university-led LCA-input/output models and collaborate where relevant. On the 
socioeconomic estimations, it was not clear how value added was calculated.  

• This project addresses an important need for understanding the net overall effects of the bioeconomy. 
The presentation outlines significant progress in the review period on analyzing multiple commodities 
(ethanol, plastics). The team presents a useful effect contributions visualization method. Given the desire 
for a prospective model that can look forward to hypothetical scenarios, it is good to hear that the team 
intends to leverage the BSM and other BETO information to apply learning and economies of scale, 
TEA and LCA, etc. It is important to avoid duplication of effort with other projects in the expansion of 
this model. This modeling approach seems to be a good complement to other activities going on within 
the portfolio in that it is more of a high-level, national-scale assessment of the effects of production, 
compared to the more detailed case study analyses. The time-series analyses to assess change in overall 
resource intensity and environmental impacts over time is very interesting, but, as noted in the discussion 
of the “evolution of the U.S. bioeconomy,” total effects may still be increasing, so these outputs should 
be presented together to ensure that identified increases in efficiency does not lead to complacency about 
the overall impacts of a given process/technology. It is great to see equity considerations acknowledged. 

• This project complements the many bottom-up impact assessment and optimization tools in the BETO 
portfolio with a top-down, economy-wide analysis that is well positioned to aid in strategic decision 
making. It is encouraging to see the project team extend coverage to plastics upcycling and other 
emerging areas of interest. It would be encouraging to see more explicit collaboration between this team 
and other deeper but less broad models in the BETO portfolio to ground-truth broad impact assumptions. 

• This project provides value to the program area through its use of the environmentally extended input-
output framework, which provides a level of analysis missing from other process-level analyses of 
bioeconomy pathways. The results of this modeling can provide important projections of the aggregate 
impact of expanding the bioeconomy. This could provide a valuable way to inform higher-level decision 
making on how large policy decisions affect complex supply chains. This project is a good candidate to 
expand BETO’s understanding of the social and economic impacts of the bioeconomy, particularly with 
a view toward equity impacts. It would be helpful in the future to have more explicit evaluations (i.e., for 
communities or regions, rather than economic sectors) of the equity impacts for different products or 
pathways to illustrate the models’ contributions to decision making. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their inputs and constructive suggestions. The model’s macro-level structure 

and its large, national-level data sets often create communication challenges, especially with respect to 
the model’s perceived uncertainty due to its structural complexity. We would like to stress that the 
national-level data sets are official U.S. federal government agency data and have, just as the process-
level TEA and LCA data inputs, undergone external validation and review processes by the time they are 
used in our model. Further, we perform sensitivity analyses for any data inputs with variability and base 
these ranges on published literature (e.g., potential land use change related to energy crop expansion). 
Results are also always compared to process-level LCA, and given the differences in system boundaries, 
our total (direct and indirect) effects tend to be higher. This is largely due to the accounting of economy-
wide, indirect effects (beyond the system boundary of process-based LCA). The range of these indirect 
effects depends on underlying economic structures and potential cross-sectoral shifts. Ongoing model 
developments focus on establishing a scenario analysis capability to quantify related uncertainty. 
Planned model expansions also include regional specificity within the United States, accounting for U.S. 
imports and exports, and the addition of more nuanced metrics to measure socioeconomic impacts. We 
want to highlight that this project has several explicit collaborations within and outside DOE. Apart from 
existing exchanges with process-level LCA and TEA teams at ANL, NREL, and PNNL, new 
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collaborations with the BSM, the Material Flows through Industry, and GREENSCOPE teams will 
support future efforts. External engagements go beyond regular updates of the EPA’s U.S. 
Environmentally Extended Input-Output model development team (on code improvement, sectoral 
disaggregation, bilateral peer-review of results/reports, etc.) and biweekly check-ins with the EPA’s 
Office of Research and Development and include regular exchanges with environmentally extended 
input-output modeling teams at Georgia Tech University (on regionalization) and Florida State 
University (with which an intern exchange has been established). The working group is a separate effort 
facilitating the incorporation of bioenergy co-benefits (via ecosystem services) in GCAM. It is linked to 
ongoing multilateral efforts for BETO under the IEA Bioenergy Task 45. 
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ECOSYSTEM SERVICE PORTFOLIOS OF AGRICULTURAL AND 
FORESTRY BIOMASS PRODUCTION 
Oak Ridge National Laboratory 

PROJECT DESCRIPTION 
Environmental credits are increasingly important 
sources of income to promote renewable integration. 
The goal of this project is to discover where 
environmental credits can push feedstocks in a 
watershed over a threshold for profitability. In the 
previous project cycle, we, with another ORNL 
project (Langholtz), developed the concepts of environmental supply curves and stacked value-supply curves. 
We implemented a software tool and used it to show that excess nutrient loadings could be avoided by 
excluding a small fraction of supply. The tool demonstrated that the value of water purification from planting 
perennial feedstocks, combined with a $60/dt farm gate price, would offset production costs for more than half 
of the projected 2040 dedicated feedstock production. In this cycle, our valuation tool is now being extended to 
include carbon and will be made available to stakeholders through the Bioenergy Sustainability Tradeoffs 
Assessment Resource (BioSTAR). A new initiative is to develop a Geospatial Roadmap in a region where 
environmental credits (e.g., low-carbon fuel standard [LCFS], RINx, nutrient markets) are strong. The 
roadmap will emphasize demand-side geospatial data to identify watersheds where water quality is threatened, 
where available credits co-occur with potential for supply, and where markets provide demand for biomass 
production. A full LCA using GREET will include pathways, such as renewable natural gas, that can help 
promote integration of variable renewables. The goal of the 3-year project is to demonstrate where 10% of full 
life cycle production cost can be offset by environmental credits. 

Our project also has a strong track record for developing modeling tools to assess biodiversity responses. In the 
west, we collaborated with PNNL and the U.S. Forest Service to predict where selective forest treatments 
(burning, thinning) can increase early survival of listed Chinook salmon. The PNNL-led project demonstrated 
that selective treatments also reduced fire risk, produced more biomass, and more water in summer—a triple 
win.  

In Iowa, we developed multispecies models and collaborated with ORNL colleagues and the ANTARES team 
to show how replacing unprofitable lands with switchgrass can increase species richness. Additional research 
to guide harvesting practices at the field scale to maximize biomass production and value derived from 
pheasant hunting is in progress. 

During the previous cycle, we produced 12–15 peer-reviewed publications (several in high-impact journals) 
and two chapters in the EPA report to Congress. We also organized a Special Issue in Biological Conservation 
titled “Renewable Energy and Biological Conservation in a Changing World,” which has had four papers on 
biofuels submitted. 

WBS: 4.2.1.40 

Presenter(s): Yetta Jager 

Project Start Date: 10/01/2020 

Planned Project End Date: 09/30/2023 

Total DOE Funding: $1,200,000 
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Photo courtesy of ORNL 

COMMENTS 
• Ecosystem services could potentially be a key part of the value proposition of any agricultural 

production, but particularly of bioenergy/biofuels. This project contributes to the understanding of the 
potential for providing ecosystem services under different systems and conditions. The ANTARES 
collaboration to identify potential for increasing species richness and the separate collaboration to look at 
salmon habitat in response to forest management are excellent examples of cross-project collaboration 
and leveraging of field data within BETO. The authors identified a potential biodiversity benefit of 
perennial grass planting for bioenergy production. Biodiversity is not measured solely in number of 
species but also often considers other aspects, such as species evenness. The potential to inadvertently 
favor invasive species is also a risk. A potential future effort could investigate the potential increase in 
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native species richness versus invasive/non-native species. Management strategies, harvest timing, and 
other factors also affect how useful grass plantings are for species maintenance and could be investigated 
further. Although the project models “willingness to pay” to identify the value of ecosystem services, it 
is not clear to what extent current policies and regulations actually provide for the ecosystem services 
payments that would be needed for these to be leveraged to persuade producers to shift to bioenergy 
production and improve revenue for farmers. A future effort could include a collation and/or evaluation 
of existing incentive programs and compare those to the willingness-to-pay modeling as a method of 
“ground-truthing.” A number of different projects within the DMA portfolio are incorporating aspects of 
ecosystem services valuation/payments (e.g., the “Scaling up of Ecosystem Services” project, among 
others). It would be helpful to clarify if these projects are using the same assumptions on willingness to 
pay versus real-world existing payment programs. The team noted that they achieved a 10 
author/multiagency agreement on proposed forest treatments to reduce the risk of large, high-severity 
fires—this effort toward consensus building will be important for the future adoption of these forest 
treatments and potentially has impact on policies at multiple agencies. 

• The biodiversity component of this project complements other efforts in the BETO portfolio well. More 
depth in the measures of biodiversity (evenness, native/non-native) would likely provide even greater 
clarity for ecosystem services valuation as well as understanding environmental synergies and trade-offs 
associated with land management scenarios. Given that advancing the SOA relies on payments for 
ecosystem services that are not ubiquitous, the move to the Mid-Atlantic region will presumably offer 
real-world scenarios that make ecosystem services valuation a viable consideration for farmers and other 
land managers. Continued integration with other projects in the portfolio is encouraged. 

• The tasks for the project were clearly described, and, as such, it is clear that the project is on schedule. 
Consider starting LCA early in the project, rather than saving it for the end of the project. LCA can 
provide valuable information at the start of projects with respect to ways to minimize and mitigate 
environmental impacts. Overall, there was a lot going on in this project; some of the projects or case 
studies (e.g., fires, salmon) didn’t seem well related and integrated into the overarching project goals 
presented in the beginning. The collaborations across national labs are impressive and appropriate; 
however, it appears as though industry and others were minimally, if at all, engaged. The beginning of 
the presentation outlined stakeholder engagement, which is very exciting, but it seems to have been 
omitted from the project. BioSTAR and the stakeholder engagement was missing from the task list, yet it 
was mentioned in the project description; the project should be clear on the scope and whether 
stakeholder engagement is included. This work would have greater impact and reach by engaging a 
larger range of stakeholders. 

• This is extremely valuable work to understand the impact of biomass harvest systems on surrounding 
ecosystems. This project chose two species to study, one for each ecosystem type. It would be ideal to 
have more robust measures of biodiversity impacts. At the very least, it seems that species should be 
selected for consistent reasons, whether to measure biodiversity or to protect a culturally relevant 
species. For the woody biomass treatment, all forest stands should not be treated equally. Wildfire risk 
should be used as a variable in assessing the need for forest harvests. Wildfire risk and severity also 
stand to guide where the greatest gains in carbon storage can be made. 

• This project is being conducted by a strong team with relevant experience, and the goal of identifying 
watersheds in which payments for ecosystems services could offset >25% of the cost of biomass 
cultivation is an interesting and strategic one. I also find it promising that they are considering a shift 
from quantifying ecosystems services value to quantifying willingness to pay, because that is what is 
ultimately needed. The project is strongly leveraging work from elsewhere in the BETO program, such 
as their evaluation of the salmonid impacts of the forest management treatments being modeled at 
PNNL. That said, it was, at times, difficult to ascertain a clear through line between their collection of 
case studies. 
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• This project provides valuable insight for the development of cellulosic biomass supply chains, their 
geospatial distribution, and associated ecosystem services. The approach for quantifying biomass supply 
and water quality improvement appears thorough; in contrast, it is less clear how the system for 
assessing biodiversity impacts can be expanded beyond bird coverage and to what extent birds are a 
proxy for overall biodiversity. A key question to explore is to what extent can the biodiversity 
assessment here be consistently applied alongside the other metrics? The efforts to expand the analysis to 
forest management illustrate the potential for future linkages between forest biomass recovery and 
habitat restoration for a single species. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for recognizing the value of our efforts to work collaboratively in quantifying 

the ecosystem services and biodiversity enhancements associated with perennial grass feedstock 
production. We have done this both within agricultural systems and forested systems. We appreciate that 
the reviewers see the impact that our work can potentially make on forest management policy at multiple 
agencies from multiauthor publications and the impact that we are making through involvement with the 
EPA’s Triennial Report and contributions to the U.S. Energy Information Administration’s Task Force 
45. As we wrap up case studies from the previous 3-year cycle, we hope to develop a cohesive research 
theme in the Mid-Atlantic centered on evaluating existing incentive programs. We recently submitted a 
Geospatial Roadmap plan with information about incentives for each state in the Mid-Atlantic, which 
addresses the recommendations of several reviewers. We are focusing on real-world scenarios with 
actual payment for ecosystem services, as suggested by reviewer 5, but we also agree with reviewer 3 
that willingness to pay is important to quantify, which we will do using BioVEST. The idea of 
comparing payments for ecosystems services with willingness to pay is an interesting one that we will 
consider. Coordination among projects and stakeholder engagement were raised as both a strength of the 
project and a potential concern. We plan to continue integration with other projects, including the LCA 
collaboration with ANL. We will provide ANL specific information on carbon sequestration and carbon 
price, which we hope to complete in early FY 2022. The BioSTAR stakeholder engagement is currently 
funded as a separate project, and we meet monthly to ensure coordination, including plans for involving 
industry stakeholders. In addition, we are considering a collaboration with Sandia to strengthen our 
ecological economics team even more. In response to comments about biodiversity modeling, reviewers 
emphasized species evenness as a measure, possibly due to a concern about invasive species (i.e., large 
outbreaks or dominance by one invader may not be desirable); however, we did not include non-native 
species (the species were identified as important by the State of Iowa), and the ability to model evenness 
depends on having abundance data across the entire state of Iowa. Abundance data does not exist for all 
20+ native wildlife species that we modeled. The challenge with quantifying effects on biodiversity is 
that one does not find the same species in different ecosystems. People value some species more highly 
than others, and for different reasons. This heterogeneity is inherent and requires a context-dependent 
approach. In the past cycle, we have developed tools to assess the effects on aquatic and terrestrial 
species, the latter at two scales that can now be used for appropriate case studies involving biofuels. In 
the future, the project’s emphasis on biodiversity will be lower and will focus on general approaches in 
the context of climate change mitigation. 
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ATTRIBUTION ANALYSES AND INTERAGENCY COLLABORATION 
Oak Ridge National Laboratory 

PROJECT DESCRIPTION 
Quantification of bioenergy costs and benefits is 
hampered due to complex questions of attribution 
associated with resource management in bio-based 
production systems. Resolving attribution questions 
will enable agencies and private partners to verify the 
value proposition and to make comparisons among 
energy alternatives. This 2-year project addresses the need for consistent quantification of net effects 
attributable to bio-based fuel production chains as required to support BETO goals to enhance economic and 
environmental sustainability of an expanding U.S. bioeconomy. The project supports rigorous, interagency 
analyses to better quantify net effects based on scientific attribution methods. Project deliverables improve the 
ability of U.S. bioproducts to overcome barriers that otherwise could restrict market access due to 
inappropriate assumptions about attributed effects.  
The project has two tasks: (1) enhance the scientific basis underpinning for the EPA-led Triennial Report to 
Congress on the effects of biofuels; and (2) strengthen coordination with stakeholders and IEA Bioenergy to 
address attribution issues, bioeconomy linkages to a more sustainable circular economy, and expand beneficial 
effects of BETO Analysis and Sustainability research. The project responds directly to recommendations of the 
2019 Peer Review of the DMA platform to strengthen interagency coordination and increase research on 
attribution issues of biofuels, including the induced effects of an expanding U.S. bioeconomy. 

 

WBS: 4.2.1.42 

Presenter(s): Keith Kline 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2021 
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Photo courtesy of ORNL 

COMMENTS 
• Management was clearly stated. The project seems to have contributed substantial outcomes, including 

contributions to nine sections of the Triennial Report to Congress. It’s difficult to evaluate the project 
impacts overall given some lack of clarity on the causal analysis framework. I was interested in the 
international research component of this project and would have liked to have heard more about this 
aspect to understand how it fits with the rest of the work. The progress appears on target, given the two 
stated tasks. 

• The causal analysis for attribution was not clear. It would be helpful for the PI to clarify what they mean 
by attribution; is this similar to allocation in LCA? The innovative nature of this approach was not clear. 
Alternative approaches should be described and analyzed. It was not clear that the project demonstrated a 
clear connection of project approach to the potential for significant impact and outcomes. The 
contributions to and collaboration with the EPA’s annual report are certainly important; however, some 
of the successes highlighted were seemingly superficial, such as “clarified terminology.” The 
engagement of private sector and other stakeholders is impressive, from the International Standards 
Organization to the Biofuels, Bioproducts and Biorefining journal. 

• The team members have made contributions to the Triennial Report to Congress and performed U.S. 
case studies with IEA Bioenergy. It is valuable to have a project that enables contributions like these in 
national and global settings to ensure that DOE’s technical information and understanding of the 
bioeconomy sector are represented. The case studies with the IEA Bioenergy slide indicate that the case 
studies from around the globe used comparable templates. More information on what these templates 
are/what they included would be useful. The project leverages a previously developed causal analysis 
framework—published by ORNL—and suggests that the model can be used to determine the level of 
causation of different policies on bioenergy outcomes. The actual data that are used to evaluate the 
causation were not clear from the presentation and should be better explained. There are extensive 
computable general equilibrium models and other models that are used to tease apart impacts of policies 
and other factors. Additional information from the PIs shared with the reviewers separately suggests that 
the causal analysis is combining high-level qualitative data (number of publications, perhaps technology 
readiness level?) and existing modeling to estimate different drivers of impacts of policies and/or 
bioenergy deployment, raising questions of whether the causal analysis framework is comparing apples 
to oranges; it would be helpful to provide a high-level view of this to better evaluate the contribution to 
policy/standards. An explanation/rationale for the use of this model instead of some of the existing 
sector- and economy-wide modeling approaches already within BETO and elsewhere would be helpful. 
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• This project addresses a topic of critical importance for the policy community, namely, the attribution of 
historical effects to biofuels policies. This project has a track record of substantial engagement with 
policymakers at high levels, high levels of collaboration with stakeholders, and, notably, played a crucial 
role in assessing the renewable fuel standard; however, the approach of this project is difficult to assess 
due to a lack of transparency on the causal analysis framework. To ensure that the causal analysis is 
robust, transparent, and reproducible, it would be helpful to have more information on data inputs and 
methodology. Further, methodological issues with the causal analysis framework could be incorporated 
into the risk identification and mitigation strategy. 

• This project has important implications for national and international bioenergy policy, and it rightly 
recognizes the need for public acceptance in the fruition of the bioenergy industry. Being a champion for 
the environmental and economic sustainability of biomass will aid in this project’s success. 

• This project has yielded a great deal of international collaboration and interaction, which creates value 
for BETO. If BETO seeks to feed into global efforts such as IEA Bioenergy, this project is a useful 
forum, and the PI is well networked. The project PI is well positioned for roles such as the one he seems 
to have played in the report to Congress—that of organizer and convener. In these roles, his strong 
global network is an asset. Moreover, there are several sophisticated analytical tools in the BETO 
portfolio and elsewhere that seek to rigorously evaluate causality as described by the PI. They can and 
should be leveraged to evaluate the impact of a bioenergy system—not to promote it, to prove an a priori 
assumption that it is beneficial, or to cast doubt on rigorous analysis, which seems to be an unstated goal 
of this PI’s assessment of causality. 

PI RESPONSE TO REVIEWER COMMENTS 
• Thank you for recognizing the “critical importance” of the project achievements to BETO, the 

international bioeconomy community, and other decision makers. With support from BETO, external 
reviewers, and stakeholders, we agree that collaborations under the project have yielded high returns 
with demonstrable utility and impact. We therefore plan to continue building on these constructive and 
collaborative research networks as work proceeds. We also appreciate the reviewers’ recognition of the 
important role of public opinion and acceptance of sustainable biomass production to enable the U.S. 
bioeconomy to fulfill its potential. In this regard, clarification of terminology is an issue that has proven 
to be essential, whether discussing “waste,” baselines versus reference scenarios, forest residues and 
“whole trees,” or land “uses” and “changes” versus consistent land cover classification. To ensure 
transparent, replicable analyses, we promote the use of clearly defined terms that can be linked with 
verifiable, publicly available data, such as that on production volumes, prices, imports, exports, land 
management, and land cover. These data are improving in terms of quality, quantity, and timeliness. Use 
of improved and expanded data sets permits more detailed analyses with statistical tools that complement 
the causal analysis method, such as Granger Causality. 

• In response to review questions about the IEA Bioenergy reports and templates, we are pleased to 
announce that publications related to the case studies can now be accessed at IEABioenergy.com (see 
publications for Task 43 and Task 45). 

• Other comments from reviewers relate to the omission of a detailed description of the causal analysis 
framework in our presentation, and most of the remainder of this response addresses those comments. 
The guidance and structure of the presentation template limited our 2021 presentation to project 
accomplishments in the preceding 2 years. Details regarding prior work including the genesis, 
development, and testing of the causal analysis approach for attribution were documented in prior Peer 
Reviews. In response to reviewer questions, complementary information on this approach and its 
application in 2019–2021 follows. 
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• The causal analysis approach is a well-established analytical tool, widely applied and tested in multiple 
disciplines. The approach involves a systematic process to examine the weight of evidence supporting 
specific hypotheses, assumptions, and linkages in a specified causal chain, thereby avoiding common 
issues in other approaches that may attempt to “compare apples to oranges.” Causal analysis supports 
BETO and other researcher working in this sector by providing insight into the utility of some of the 
input values and assumptions supporting the many economy-wide modeling approaches employed 
within BETO and elsewhere. 

• The reviewers specifically asked for information on data inputs and methodology used by the project. 
The causal analysis framework was initially developed as a broad, epidemiological, strength-of-evidence 
approach. It employs empirical data as well as results from best available modeling where direct 
empirical data are lacking. Because the EPA Triennial Report to Congress is classified as a high-impact, 
scientific assessment, the draft Triennial Report to Congress must proceed through multiple formal 
review steps before it can be released. Input to the Triennial Report to Congress was the focus for our 
work, and milestones linked to causal analysis during the 2-year review period presented. Thus, because 
the data used and results of the report are not yet public, we were not permitted to share the analyses or 
details for how evidence was collected and weighted for that task; however, the EPA has since allowed 
us to share the following information on the lines of evidence used for the draft report. Examples of the 
lines of evidence analyzed for attributing observed levels of ethanol production to the renewable fuel 
standard include: (1) observational data comparing renewable fuel standard mandates to actual 
consumption levels; (2) renewable identification number prices observed in the markets for conventional 
ethanol as well as advanced biofuels; (3) peer-reviewed literature relevant to the assessment goals; (4) 
results from NREL’s and EPA’s BSM; (5) the EPA’s Office of Transportation and Air Quality’s analysis 
of blending; and (6) a preliminary examination of the plausible causal chains linking observed biofuel 
consumption to the renewable fuel standard and to other potential drivers (e.g., replacement of methyl 
tert-butyl ether [MTBE], price of oil [fossil-based blendstock], octane enhancement). Project 
contributions associated with causal analysis are directly related to the attributional analysis of observed 
biofuel production to the renewable fuel standard. The project made other substantive contributions to 
other chapters of the draft Triennial Report to Congress. And most other chapters will now consider the 
effects of the renewable fuel standard as framed by the results of the attributional analyses when drawing 
conclusions about environmental effects (e.g., to soils, air, water) attributable to the renewable fuel 
standard. Please also see documentation for 2017 and 2019 BETO Peer Reviews and the literature cited 
in the current 2021 Review presentation for more information. Anyone encountering difficulty in 
accessing these materials is invited to contact the PI, who will happily facilitate access to the reports and 
papers. 

• Finally, the established goals for this project are: (1) demonstrate approaches that improve quantification 
and documentation of net effects attributable to bio-based fuels, products, and an expanding U.S. 
bioeconomy; and (2) build productive research relationships among the EPA, USDA, DOE, IEA 
Bioenergy, and other stakeholders. The project supports research and analyses that improve the 
reliability of future estimates of the effects of specified bioenergy systems using the best available data. 
We appreciate the reviewers’ comments and hope to employ the thoughtful suggestions in future work 
on risk-based assessment and mitigation strategies.  
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BIOBASED AND BIOBENIGN, AN ENVIRONMENTAL REFERENCE 
FRAMEWORK FOR PRODUCT DESIGN: RIPE 
Argonne National Laboratory 

PROJECT DESCRIPTION 
The time is ripe for bringing responsible innovation 
to bioplastics by informing product design with the 
end in mind. Globally, the United States generates the 
most plastic waste and ranks third in coastal litter, 
while plastics production continues to grow. 
Combined with resource linearity, concerns center 
around environmental persistence and associated 
ecological and health risks. A systematic approach to account for such afterlife risks has been lacking, and the 
Responsible Innovation for bioPlastics in the Environment (RIPE) project addresses this need with a predictive 
modeling framework. The anticipated impact is that polymer developers will be able to consider the post-use 
fate of candidate products at the outset, thus enabling the design of more environmentally benign bioplastics. 
Key challenges are data limitations and stakeholder buy-in, with multiple trade-offs across parties. 
Collaboration and communication are core pillars, as demonstrated by the productive stakeholder workshop. 
We showed that the conceptual exposure model is effective for organizing technical data and anchoring 
stakeholder inputs across agencies, industry, academia, national laboratories, and NGOs. The RIPE framework 
will be linked with LCA tools and demonstrated with a case study. The anticipated outcome is new bioplastics 
that advance the bioplastics sector of the bioeconomy, and more broadly the circular economy, by 
strengthening bioproduct adoption and industry competitiveness while minimizing future environmental 
liabilities. 

 

WBS: 4.2.2.11 

Presenter(s): Cristina Negri; Margaret 
MacDonell 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $800,000 
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Photo courtesy of ANL 

COMMENTS 
• It is encouraging to see BETO focusing its portfolio on emerging areas such as bioplastics, and we 

applaud this project’s intent to incorporate end-of-life and toxics exposure considerations in the material 
design phase. This project is developing a useful framework provided there is sufficient interaction with 
material science teams in the BETO portfolio and outside DOE to make its framework useful. It is not 
immediately clear how the complex questions raised by this assessment are being quantified, given the 
point raised by the PI that literature values for these issues are all over the place and aren’t generalizable. 
As a comparative tool, there’s certainly value here, and I look forward to seeing how it evolves into 
application. 

• The project’s focus on the post-use fate of plastics at the design phase is a highly relevant research topic 
in the portfolio. The level of collaboration and communication was impressive. The RIPE stakeholder 
workshop seemed to have effectively built stakeholder buy-in from the beginning as well as offered the 
project performers important input for the conceptual structure. This early connection also likely secures 
more success for project deliverables because they will be more squarely tailored to the needs of 
stakeholders. Project performers clearly justified substantial merit to advance the SOA and innovation in 
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application, contributing, among other things, the chemical and structural change standards on recyclable 
plastics (versus mechanical changes currently used). In the Q&A, PI MacDonell elaborated on an 
upcoming spatial analysis component to the exposure risk aspect of the project, a fitting addition to the 
RIPE tool set. The project appears to be progressing on time. 

• This is a very interesting project that fills a unique niche and appropriately expands the breadth of the 
office portfolio. 

• This project attempts to address a critical challenge of reducing the impacts of the industrial production 
of plastics and addressing end-of-life considerations. The modeling approach seems reasonable, and the 
collaboration with other BETO projects will enhance the likelihood of this project being successful. The 
effort to compare and contrast this project with other BETO tools (e.g., LCAs, GREENSCOPE) is 
important to leverage lessons learned and avoid duplication. It seems like the biggest challenge for this 
model will be how to get such an approach adopted when disposal/recycling is an externality for anyone 
looking to commercialize a plastic product and for any industrial producer. Further, the development of 
the model is anticipated to precede the data that would populate it and make it usable; therefore, both 
utility and adoption are likely to be key issues for this project in the near term, despite the potential for 
high impact over time. In this regard, it will be critical to demonstrate the utility using suitable examples 
with sufficient data for a “backcasting” exercise to demonstrate that the tool could have predicted some 
of the “bad performers” of recent decades and provided a less detrimental alternative. This modeling 
approach seems applicable for novel fuels and other bioproducts as well; if successful with plastics, the 
team could consider expanding the approach to other chemicals. 

• This project is very timely because it targets bioplastics, which other work in the program area suggests 
are an emerging technology with a high economic value. The approach is novel and incorporates a high 
degree of stakeholder input at multiple process stages, which is critical because the project team has 
identified data gaps and stakeholder buy-in as key risks. The conceptual model shared by the team would 
be very useful to the program area on several levels by identifying risks beyond the scope of other 
projects and guiding R&D toward those biomaterials with fewer post-use impacts; however, more real-
world data collection may be necessary for this effort, particularly in cases where ASTM standards for 
material degradation and composting differ from real-world disposal. 

• Your stakeholder engagement via the workshop seems like it yielded excellent results. When thinking 
about environmental fate and impacts, you should connect with EPA and especially their Tool for the 
Reduction and Assessment of Chemical and other environmental Impacts (TRACI) team. You need to 
connect your model to the LCA impacts—LCA tools often attempt to quantify environmental indicators, 
and you need to think through how you’re going to either replace or improve or update those. Otherwise, 
you risk having several DOE plastics tools that give very different environment results: your model and 
LCA models. Another challenge you should consider are the various ASTM standards for degradation; 
they do not often overlap well with what happens in reality with respect to biodegradation and 
composting. Which one(s) will/are you using? There are so many data here, it would be good to see a 
clearer description of how these data and models can interface and work together. How will 
results/databases that disagree be handled? How will the tool be validated or verified? 

PI RESPONSE TO REVIEWER COMMENTS 
• The RIPE team deeply thanks our expert reviewers for their thoughtful, constructive comments and 

positive feedback. We heartily agree that collaborations with other BETO projects are highly valuable, as 
are efforts to compare and contrast with other BETO tools and related LCA and sustainability 
approaches (including GREENSCOPE) to leverage their lessons and avoid duplication. We likewise 
agree that utility and adoption are key near-term issues, given that the development of the framework 
precedes the availability of many data, and disposal/recycling is an externality for commercial 
developers and industrial producers. These two factors have driven our emphasis on stakeholder 
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involvement, and, in fact, they are also part of what makes the project so exciting for us: to be able to 
create a practical environmental reference framework with inputs from our stakeholders, so we can 
produce a working tool they can use in the near term, which can be built out as fuller data sets become 
available. We are enthusiastic about the excellent backcasting suggestion and are developing examples, 
with initial consideration of bisphenol A. We also greatly appreciate the recognition of the future 
potential for high impact from this work and the welcome encouragement to expand the modeling 
approach to applications beyond plastics.  

• With sincere thanks for this thoughtful feedback, yes, the array of inputs from our stakeholders markedly 
advanced the RIPE concept, and we are very grateful for their engagement. We welcome the suggestion 
to connect with EPA, in particular the TRACI team, and we have initiated this connection; we anticipate 
shared technical discussions during the upcoming phase of the project. The health and environmental 
risk concepts in RIPE expand on those in TRACI and related models, and we concur with the importance 
of connecting with LCA tools as we advance the quantification of environmental indicators. We are 
coordinating with the GREET team to identify linkages, and we anticipate a similar connection for other 
tools because our risk aspects complement DOE LCA efforts that have focused on energy use, GHG 
emissions, criteria air pollutants, and water consumption. We anticipate providing updates for some 
indicators and more specific resolution for others as we incorporate additional features (such as 
degradation products and joint toxicity). Our approach is to develop linkage options so existing tools can 
augment existing characterizations of health and environmental impacts. We appreciate the challenge of 
various ASTM standards differing from actual situations, and we will pursue engagement related to 
standards development in light of current information. The first phase of RIPE has focused on 
assembling relevant information (including literature data, standards, and metrics) to frame the 
framework. As we progress to constructing the environmental reference framework in the next phase, we 
look forward to incorporating these helpful suggestions to describe how the data and models will 
interface, identify how discrepancies will be handled, and outline the verification and validation plan.  

• We greatly appreciate this positive feedback, including regarding the project’s role in the BETO 
portfolio. We very much agree with the importance of interacting with material science teams within and 
beyond BETO, and we will continue to pursue and incorporate their valuable inputs. One way in which 
we are addressing the disparate literature values is to develop groupings or bins to organize the data as 
we develop a structure for the comparative tool. We anticipate that active research programs in this area 
will produce scientific information that can begin to mitigate some of the current data challenges, and we 
are delighted by the opportunity BETO has provided to develop this tool now so a working framework 
can be available to incorporate more coherent data as they evolve.  

• We sincerely appreciate these positive comments. We look forward to continuing the important 
stakeholder collaborations and advancing considerations for recycling, and we value the reviewer’s 
encouragement of a spatial analysis component for the exposure risk aspect.  

• The team gratefully acknowledges this positive feedback, including regarding the value of the conceptual 
model. We also appreciate the helpful comments and certainly agree that more real-world data would be 
valuable, including those relevant to selected ASTM standards. As the project proceeds, we will continue 
to pursue such data via scans of the scientific literature and online databases as well as through 
stakeholder collaboration opportunities and engagement with ASTM. 
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SCALING UP THE ECOSYSTEM SERVICES OF BIOENERGY 
LANDSCAPES 
Argonne National Laboratory 

PROJECT DESCRIPTION 
Perennial bioenergy crops grown on marginal 
agricultural land can sustainably provide both 
biomass for the bioeconomy and significant 
ecosystem services, such as improved water quality, 
decreased GHG emissions, and enhanced 
biodiversity. Identifying marginal agricultural land 
for the placement of perennial bioenergy crops is a key step in designing profitable cropping systems that 
provide ecosystem services with quantifiable economic value. Building on a previous, successful effort, this 
project scales up a geospatial tool for a 12-state Midwest region. The tool’s purpose is to (1) identify 
economically or environmentally marginal agricultural land at any scale, (2) determine the ecosystem services 
that are possible if the marginal agricultural land were converted to perennial bioenergy crops, and (3) estimate 
the net economic value of the combined production of biomass and ecosystem services. We will also conduct a 
demand analysis focused on the water quality aspect of the ecosystem services that could be offered to water 
treatment facilities. We are exploring remote sensing to determine economic marginality in irrigated regions 
where Soil Survey Geographic database (SSURGO) information is not applicable. In addition, we are 
continuing field research on long-term yields and carbon sequestration at our Illinois willow observatory. 
Altogether, our efforts are aimed at developing a tool and supporting information that can be used by 
producers, regulators, and researchers for the analysis and promotion of perennial bioenergy crops in a viable 
business model to improve the sustainability, both economic and environmental, of rural communities while 
reducing the cost of biofuels and bioproducts. 

 

WBS: 4.2.2.12 

Presenter(s): Cristina Negri; John Quinn 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $1,950,000 
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Photo courtesy of ANL 

COMMENTS 
• This is a fantastic project. I would want to see this move in the direction of the measurement of 

additional sustainability indicators. It will also be important to work with the agricultural community to 
identify barriers to implementation and pathways to adoption. 

• This is an impressive project with clearly articulated management and approach, focused on marginal 
lands for bioenergy crop production. This project complements other marginal land production projects 
in the portfolio, with its inclusion of biodiversity surveys and ecosystem services quantification and 
valuation. This aspect often gets relegated to the sidelines, but it has the potential to create important 
feedbacks that directly impact variables more commonly connected to farmers priorities (fertilizer and 
pesticide applications, for example). Likewise, these kinds of data will prove invaluable should PES 
schemes develop on a broader scale for application in agricultural settings. Much of the communication 
with intended end users of the SUPERBEEST tool so far seems to have been confined to the 
development phase, but it was good to hear mention of future plans to test and solicit feedback—an 
important step for gauging utility and impact. 

• Integrating biomass crops on marginal farmland in the interest of improved economics and 
environmental performance is indeed an estimable goal. After more than a decade of promoting this, are 
we seeing uptake by farmers? The quantification of ecosystem services offered by these systems is an 
important component, though it does not alter the economics if markets for these services are not 
forthcoming. It is not immediately clear what is occurring under the umbrella of this project versus 
leveraging other work from within the BETO portfolio. This would be useful to better understand how 
this project is unique within the BETO program rather than duplicative of other efforts. 

• The concept and potential impact of SUPERBEEST is exceptional; it may increase access to and use of 
lands for biofuels. Expanding this model from Illinois and the current 12 states included in the model to 
the United States is challenging but potentially high reward. It was not clear that any stakeholders have 
been engaged thus far. Potential users and partners should be engaged in order to determine the usability 
of the model and to improve its usability. 
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• This modeling project is an important extension of this team’s previous work identifying methods for 
leveraging marginal lands in the farming landscape to provide ecosystem services. The explanation of 
the model itself is somewhat brief. This project uniquely combines field data collection and ground-
truthing with the modeling work. The team has clearly resolved their go/no-go challenge of addressing 
leaching and aquifer susceptibility. There are incipient markets for ecosystem services, and this 
modeling would provide estimates for farmer monetization of such services; inclusion of actual payment 
programs into the modeling would help with the realism of the revenue potential. It appears that the user 
audience for the SUPERBEEST model is primarily planning organizations thinking about the allocation 
of marginal lands, utilities or others considering how to pay for ecosystem services versus other 
mitigation programs, or trading systems by which ecosystem services payments might be made; 
however, it is not clear how many of those users there might be and if those users would have the 
necessary technical knowledge to leverage such a model. Some additional thought should be given to 
user needs and capabilities. It would be great to see this model be deployed in a public version—for 
example, on the BioKDF, on the USDA Ag Data Commons, or other venue for researchers’ and others’ 
accessibility and use. 

• This project is particularly useful within the project area because it incorporates ecosystem services into 
its geospatial analysis to identify the areas that are suitable for perennial energy crops using more than a 
simple yield and economic assessment. Though this project is relatively early in its cycle, the project 
team is already able to point to several promising areas of progress, including mapping low-yield areas 
and areas susceptible to nitrate leaching. One area that could use greater clarity is the methodology for 
determining and valuing biodiversity; although the project team is assessing the presence of unique 
species in areas, more detail is necessary to illustrate how this is to be done consistently across the area 
of study and how it will be valued as an ecosystem service. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their attention to our project. They demonstrated, through their comments, a 

clear comprehension of what we are undertaking and why. We appreciate all their comments, some of 
which call for clarification, which we are glad to provide here. The intended users of SUPERBEEST 
include those identified by a reviewer (planners, utilities dealing with water quality or GHGs) but also 
farmers (who make the decisions regarding their marginal land), regulators, and researchers. The amount 
of usage of SUPERBEEST will depend on publicizing it after a future testing phase with input from a 
reviewer team representing the range of stakeholders. Their comments will inform of changes in design 
and capabilities. SUPERBEEST will be a public tool and suitable for use by a general audience, with 
training materials available to instruct users on its abilities and procedures. The tool will be modular, 
able to adapt to various sustainability indicators and their valuation. Our focus area for the current 
project remains on the 12 Midwest states that are most relevant to water quality issues in the Corn Belt, 
ranging from the local scale to regional problems (e.g., hypoxia in the Gulf of Mexico and Lake Erie). 
Future efforts may involve other geographic areas as we add more ecosystem services and other large-
scale environmental problems. The concept of payments for ecosystem services has started, e.g., for 
water quality (Chesapeake Bay) and soil health and biodiversity (Conservation Reserve Program). Given 
the current national climate priorities, markets for carbon sequestration, water quality, GHG reduction, 
soil health, and biodiversity may realize growth, and SUPERBEEST will be a tool that is well positioned 
to aid decision makers in these new programs. We believe that major factors holding farmers from 
adopting perennial bioenergy crop production systems is the lack of a market for biomass from perennial 
crops for bioenergy, a working system for trading ecosystem services that is widely acceptable, and 
consistent government support; however, we expect this system to be widely adopted by farmers due to 
the convergence of catalysts, including federal government support under the current administration, 
maturing of relevant R&D technology, and a strong push for environment, social, and corporate 
governance criteria. In particular, the potential rise of carbon sequestration to fight climate change could 
give this concept a tremendous boost and enable the creation of an environmental trading industry that 
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would immensely benefit farming communities. BETO projects cover a wide range of areas under 
sustainability, broadly defined. We and our colleagues at other national labs and industry are aware of 
our respective efforts. This project alone is developing a geospatial tool to give a wide range of decision 
makers the ability to identify marginal land, determine the ecosystem services that could arise if the land 
were converted to bioenergy crops, and estimate the economic value of those ecosystem services.  

• Several comments dealt with detailed aspects of SUPERBEEST. Regarding biodiversity, our current 
approach includes relying on a national spatial database for value per unit area for wildlife viewing and 
hunting, with an option for user-specified values based on local studies. Our past research indicates that 
these aspects, although important, are relatively minor in economic value compared to other ecosystem 
services. Regarding National Commodity Crop Productivity Index data, yes, that data set is important for 
delineating marginality on an economic basis. We are exploring the use of remote sensing technology to 
assess crop yield in irrigated farmland where Crop Productivity Index data are not available. Other 
factors, which may overlap, determine marginality based on environmental susceptibility. Our 
marginality analysis incorporates all the factors, identifying fields or subfields of optimal potential for 
conversion from commodity crops to perennial bioenergy crops. Again, we thank the reviewers for their 
comments and their careful consideration of this project. We hope these comment responses will provide 
clarification. 
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QUANTIFYING AND VISUALIZING PROGRESS TOWARD 
SUSTAINABILITY 
Oak Ridge National Laboratory 

PROJECT DESCRIPTION 
This ongoing project has been developing and testing 
an indicator-based sustainability assessment approach 
to quantify environmental and socioeconomic 
benefits and costs of bioenergy production at 
landscape scales. Case studies of cellulosic bioenergy 
production in several different geographic contexts 
are being used as the foundation for developing methods and tools that will be interactively shared with the 
public through a new web-based tool called BioSTAR. BioSTAR is being developed in collaboration with 
industry and research universities to enable stakeholders to evaluate, visualize, and compare sustainability 
synergies and trade-offs in real-world situations. In this way, environmental and socioeconomic benefits can be 
enhanced through bioenergy production while negative impacts are avoided.

 

WBS: 4.2.2.40 

Presenter(s): Esther Parish 

Project Start Date: 10/01/2018 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $1,800,000 
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Photo courtesy of ORNL 

COMMENTS 
• The management and approach to the development of the BioSTAR tool were all clearly communicated, 

and the challenges of reconciling the priorities of partners and integrating diverse data sets across 
multiple scales were articulated well. BioSTAR presents a great opportunity for end users to enter 
preferences and priorities into the visualization tool to better understand potential synergies and trade-
offs in various scenarios. The progress thus far appears appropriate and on time, though the schedule 
seems tight for a launch in September 2021, given the remaining tasks on hand. One issue not mentioned 
in the presentation was the extent to which the visualization tool would suggest priorities that end users 
were perhaps not considering. Such suggestions could lead to more innovative land management 
practices that increase synergies and reduce inefficiencies in production and conservation potentials, 
among other impacts. 

• Consistent and quantifiable ways of measuring sustainability are very important, and this project 
attempts to address this with the quantification of sustainability benefits and trade-offs as well as by 
providing a web-based tool for visualizing those trade-offs. The evaluation of synergies and trade-offs is 
important and not readily available elsewhere. Significant progress has been made both on analysis (e.g., 
comparing among landscape design approaches) and outreach (e.g., book chapter, progress toward public 
versions). The reviewers adjusted their approach to BioSTAR based on comments from the previous 
Peer Review, narrowing the focus from 35 indicators to “key indicators” and allowing users to select 
them. Although this is useful to enable focus on the driving concerns in a location, it does mean that the 
sustainability comparisons using BioSTAR are (1) not comprehensive and (2) not comparable except 
within a given project context (e.g., the Iowa example), so a researcher studying a different system or 
different location could not compare their sustainability performance to one from the Iowa project. It is 
important to be very clear when presenting results/visualization that this is not an approach for 
systematic comparisons across projects/geographies, etc., and treating a subset of indicators as a 
representation of overall “sustainability” for a given project/site is a bit misleading. A single 
“sustainability” value suggests a comprehensive evaluation that is comparable whenever used. Further, 
the indicators described in Parish et al. (2016) suggest that the evaluation of performance is primarily 
focused on year-over-year improvement, but not the actual value of the indicator metric. So, for 
example, if you reduce nitrate concentration in streams year over year, you would get a “high” 
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sustainability ranking for that indicator, and it appears that for this evaluation scheme, it does not matter 
if the actual nitrate concentration for a given land management case study is extremely high, whereas in 
reality the actual amount of nitrogen (for example) is very important for assessing environmental 
performance. 

• It is great to see this project utilize stakeholder feedback as well as consider the environmental and social 
elements of sustainability. The regional differences of sustainability are both a risk factor, because the 
indicators can vary by location, and a strength of this project, given the regionally tailored analyses. 

• The quantification and visualization of key environmental and socioeconomic indicators combined with 
a tool (BioSTAR) to streamline and make consistent stakeholder engagement has significant potential for 
DOE and other federal projects. The methods used to facilitate stakeholder engagement were not clearly 
outlined; this is important social science work, and it should not be left to engineers or chance. The team 
should use evidence-based best practices and experts in stakeholder engagement. It appears as though a 
large number of stakeholders have been engaged throughout the project, which is commendable.  

• This project both quantifies sustainability and socioeconomic trade-offs of bioenergy and helps 
communicate those findings to relevant stakeholders. The project team has built the BioSTAR tool so 
that outside stakeholders can successfully input their own data into the draft tool; this project has also 
solicited feedback from the public on usability. These factors could be crucial to ensuring this project’s 
wider impact. Given the extensive set of indicators and the wide geographic variation in possible 
impacts, it would be helpful if the project team provided more detail on the applicability of the BioSTAR 
model to other regions. Further, it would be useful to understand the data needs for stakeholders to 
successfully run the model and the risks inherent to partial data collection. 

• This project is framed and described well. Its intent to quantify landscape-scale environmental and 
socioeconomic benefits and costs of bioenergy using indicators to evaluate trends and trade-offs in 
sustainability is useful. Moreover, it appears to be well integrated with other BETO efforts; however, it 
is not immediately clear, perhaps because of the difficulties of communicating via webinar, exactly how 
they are going about this goal. Sustainability analyses appear to be done on a one-off basis for each 
study. Does a user of the tool need to bring to it all of their own data and analysis? If so, is it mainly a 
framework for assessment and visualization? Some clarity on these points would enable BETO to 
leverage the strengths this project may offer. 

PI RESPONSE TO REVIEWER COMMENTS 
• Our intentional stakeholder engagement efforts using evidence-based practices, facilitated discussions, 

and interactive posters have been detailed in several publications that predate the March 2019 to March 
2021 project assessment period. For more information about these efforts, we suggest consulting our 
publications via the ORNL Center for BioEnergy Sustainability (CBES) website at 
https://cbes.ornl.gov/publications/. We hope that creating visualizations within BioSTAR using 
combinations of the 35 environmental and socioeconomic indicators provided in our starting checklist 
will get users to think about potential landscape-scale synergies and trade-offs that they may not have 
otherwise considered. These considerations can help users choose bioenergy feedstocks and/or develop 
land management plans that can provide multiple benefits. BioSTAR is designed to provide a consistent 
framework for evaluating and visualizing the sustainability of alternative feedstocks and management 
plans for cellulosic bioenergy production. The tool walks users through the six-step process of selecting 
and evaluating indicators. Although we are currently pulling together national-scale data sets that can be 
used to characterize starting values for many of the 35 indicators presented in BioSTAR’s starting 
checklist, future values for most of the indicators compared under each plan will need to be modeled 
and/or measured outside of BioSTAR by the individual project. In order to use BioSTAR successfully, 
users will first need to work with their project stakeholders to choose a set of environmental and 
socioeconomic indicators that can be used to characterize progress toward collective goals. Users will 

https://cbes.ornl.gov/publications/
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then need to set baseline and target values for each selected indicator (as either fuel shed-aggregated 
values or as county-specific values). They will then need to model or measure the trend of each indicator 
relative to the target under each plan outside of BioSTAR. By entering the measured and/or expected 
indicator trend values into BioSTAR, users will be able to visualize the sustainability synergies and 
trade-offs that can help them pick the feedstock and/or management plan that will provide the greatest 
number of benefits with the fewest adverse consequences. Partial data collection will make the 
visualization of project results within BioSTAR less helpful for decision making. BioSTAR is intended 
to help users evaluate the relative sustainability of alternative plans (i.e., feedstock choices and/or 
management practices) for their own project using a consistent methodology. This sustainability 
assessment approach was first demonstrated through a case study of East Tennessee switchgrass-to-
ethanol production that compared measured and expected indicator trends for each of the 35 indicators 
under three alternative land use scenarios: annual tilled corn production, unmanaged pasture, and 
perennial switchgrass production. Although it is true that allowing users to narrow and refine the starting 
checklist of 35 indicators to a more manageable number of “key indicators” could make it more difficult 
to compare the sustainability of different bioenergy feedstocks and practices across the country, 
BioSTAR can still be valuable in helping users plan their own projects to provide multiple benefits to 
their local communities. And as more users share their project information in BioSTAR, we will grow 
our understanding of bioenergy stakeholder priorities across geographically diverse regions of the 
continental United States. 
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SPATIALLY RESOLVED MEASUREMENTS OF WATER QUALITY 
INDICATORS WITHIN A BIOENERGY LANDSCAPE 
Oak Ridge National Laboratory 

PROJECT DESCRIPTION 
Field studies are critical to assess the environmental 
effects of bioenergy feedstock production, but 
measurements are often time and labor intensive, thus 
limiting understanding of environmental responses. 
Coupling environmental sensors with drones can 
allow for improved monitoring across larger spatial 
scales, in a more timely manner, and at a cost comparable to current approaches. Our objective is to advance 
understanding of water quality indicators for bioenergy through the development, testing, and deployment of a 
novel drone-sensor platform, AquaBOT. In FY 2019, we designed and tested the AquaBOT. Using an iterative 
approach, we overcame the challenge of assembling a system small enough to access streams but large enough 
to carry the sensor payload. In FY 2020, we used the AquaBOT to map water quality in streams draining an 
agricultural-bioenergy landscape in Iowa; progress was somewhat hampered by COVID-19. The AquaBOT 
revealed meter-scale variation in water quality, and it provided higher-resolution data than manual sampling 
for less effort and at a comparable cost. In FY 2021, we will continue to evaluate the AquaBOT versus 
traditional sampling, and we will use the AquaBOT to examine the efficacy of saturated buffers at reducing 
nutrient losses. Drone-sensors systems will likely revolutionize environmental monitoring, and high-resolution 
data collected by the AquaBOT can help identify where bioenergy plantings and conservation practices can be 
implemented to improve water quality. 

 

WBS: 4.2.2.44 

Presenter(s): Natalie Griffiths 

Project Start Date: 10/01/2018 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $1,020,000 
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Photo courtesy of ORNL  

COMMENTS 
• The improvement of water quality measurements to better inform water quality indicators and impacts 

from bioenergy crops, with a focus on N, has the potential to greatly improve our understanding and 
support for water sustainability. This is a really cool and fun project. The PIs really need to investigate 
other aquatic systems that are very similar; it is not clear that this work is at all novel because others 
have developed similar technologies in the past. In fact, you can purchase a commercial water quality 
testing boat online already. It would be helpful for the project team to justify the need to build something 
custom. The presentation keeps noting that this system is lower cost, but no cost comparisons were 
presented. This analysis should be conducted and presented. Although this project is clearly in the 
nascent stages of development, integrating outreach and engagement of key stakeholders could prepare 
potential users to adopt the product. Stakeholder engagement can also help gather feedback to improve 
the system and the user experience during development. 

• The potential impact, if widely adopted, is high, although the point was raised that there are other options 
that exist for remote-controlled water quality sampling; given this, the team should emphasize in the 
approach section why this option is unique from technical, cost, or other perspectives. The potential for 
uses outside of the bioenergy realm would enhance the value/utility. The team has fully developed and 
tested the sensor since the last Peer Review. The ability to view data in real time is very useful for 
troubleshooting and field testing, and it is not always available from such sensors. The researchers 
identified an important measurement challenge: Because the AquaBOT cannot sample in more than one 
place at a time, temporal variations (e.g., diurnal patterns) become very important. The suggested 
approach of having limited stationary samplers and performing temporal measurements to adjust the 
drone data makes sense from a technical perspective, but it is not clear to what extent having to do this 
type of analysis would reduce the cost-effectiveness of the drone-boat approach. The program is well 
integrated with other BETO projects for field testing/validation (e.g., ANTARES, the tile drain work 
with the Negri group). The tile drain work is a great example of an application for this work. 
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• This application of an unmanned surface vehicle for high-resolution spatial mapping of nutrient pollution 
offers strong potential. I encourage the PIs and BETO to leverage this platform to support the efforts of 
other teams because this sort of detailed water quality mapping would provide valuable data for field 
trials as well as spatial modeling of pollution flows. A key challenge is that the spatial resolution comes 
at the expense of the temporal resolution offered by static testing stations. The project seems to be 
responding to this, and further development of hybrid sampling protocols as well as algorithms to correct 
drone data for changes over time would allow the interpolation necessary to map the pollution 
accurately. 

• This project has clear tasks and objectives, and the progress to date was impressive, despite the setbacks 
of COVID-19 and the extreme drought conditions inhibiting the field season. It was helpful to hear about 
the challenges of the AquaBOT development as well as subsequent data collection. As this project 
develops, it would be helpful to hear how the AquaBOT compares to other, similar drone technologies 
developed elsewhere and if the team has considered supplemental technologies (e.g., aerial drones) 
during drought conditions in the future. The project appears to be progressing on time. 

• This project utilizes emerging unmanned surface vehicle technology to collect what is normally difficult 
field-level data to collect, and it fills an important data gap on water nitrate data for some bioenergy 
pathways. The site assessments are coordinated with BETO’s separate efforts on integrated landscape 
management. Although the early results suggest that this new approach allows for cost savings and 
overcomes previous temporal limitations for data collection, additional details would be helpful to 
evaluate the effectiveness of this approach, including (1) a closer comparison to existing data collection 
methods and (2) more defined plans to scale the approach beyond the current small stream test sites. 

• Water quality issues are a key vulnerability for the bioenergy industry, so this work is important. If the 
research is indeed duplicative of existing research, as one reviewer suggested, it is critical that the office 
brainstorm how to advance this work. By bringing together government, research, and NGO 
stakeholders, BETO could evaluate where the gaps in research hinder progress as well as set goals and 
strategies to achieve real-world improvements in water quality. Real-world progress cannot be made 
without industry/agricultural buy-in. Creative solutions are drastically needed to achieve measurable 
water quality improvements, and the project should help guide how tangible accomplishments can be 
garnered. 

PI RESPONSE TO REVIEWER COMMENTS 
• Thank you very much to the review committee for their time and their helpful and insightful comments. 

Here, we address the five questions/concerns that the reviewers brought up in their written comments: 
(1) the novelty of the AquaBOT system and comparison to similar technologies, (2) a cost comparison, 
(3) the challenge of identifying spatial versus temporal variation in AquaBOT measurements, (4) 
scalability, and (5) outreach.  
 
(1) The novelty of our AquaBOT system is based on two key characteristics: (i) the integration of a 
nitrate sensor; and (ii) the use of a small, unmanned surface vehicle to map water quality in small 
streams. The reviewers are correct that there are other similar technologies (i.e., drone water quality 
measurement systems) that have been developed. Systems have been developed to measure water quality 
using unmanned aerial vehicles equipped with sampling equipment and unmanned aerial vehicles or 
unmanned surface vehicles equipped with sensors (e.g., temperature, conductivity, dissolved oxygen). 
Further, studies have examined spatial patterning in nitrate concentrations in larger river systems (e.g., 
Mississippi River, Upper Colorado River) using nitrate sensors mounted to boats; however, we are not 
aware of any studies that have developed an unmanned surface vehicle sensor platform equipped with a 
nitrate sensor and that can access small streams. By measuring nitrate in small streams, the AquaBOT 
fills an important gap in drone-sensor technologies and is directly relevant for addressing water quality 
issues in high-nitrate, headwater streams, such as those draining agricultural-bioenergy landscapes. 
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Nitrate sensor technology has advanced rapidly in the past few years. Specifically, UV nitrate sensors, 
which are much more accurate and stable than ion-selective sensors, are typically large (8–11 lbs.) and 
costly. The UV nitrate sensor used on the AquaBOT was just released at the start of our project (there 
was a several month delay in receiving these sensors from the vendor due to the high demand for this 
smaller, cheaper sensor). The lower cost (approximately half the cost of other UV-based nitrate sensors) 
and especially its smaller size (6.6 lbs) allowed us to mount this sensor to a small, unmanned surface 
vehicle for measurement in small streams (without exceeding the payload of the small, unmanned 
surface vehicle). To highlight that sensor technologies are advancing quickly, another UV nitrate sensor 
was released on the market a few months ago that can be integrated onto a multiparameter sonde (instead 
of a stand-alone nitrate sensor); therefore, an even smaller AquaBOT could be designed today than the 
one we designed 2 years ago, which could access even smaller streams. This highlights the dynamism of 
the drone-sensor field and the incremental advances that allow for newer unmanned surface vehicle 
sensor systems to continue to be developed. We also note that within the past few months, a 
commercially available unmanned surface vehicle sensor system was released (YSI’s HYCAT) that is 
similar to our AquaBOT system (e.g., measurement of multiple water quality parameters including 
nitrate); however, this system is still larger than the AquaBOT (1.8 m x 0.86 m compared to 1.16 m x 
0.73 m) and much heavier (120 lbs. versus 58 lbs.), making it challenging to deploy in small streams, 
which was the focus of our study.  
 
(2) We apologize for not including details of the cost comparison in our presentation. A thorough cost-
comparison report was completed for our FY 2019 Q4 milestone and submitted to BETO. Because 
similar technologies (e.g., drone water quality measurement systems) are primarily described in the 
literature (journal publications, reports), and they are not commercially available, a cost comparison with 
these systems was not possible. Instead, we focused our cost comparison between the AquaBOT system 
and the manual sampling approach, which is the equivalent approach for conducting longitudinal water 
quality surveys in small streams. We synthesized costs to analyze the five water quality parameters 
measured by the AquaBOT (turbidity, conductivity, and nitrate, dissolved oxygen, and chlorophyll a 
concentration) at 15 analytical laboratories across the United States. Based on the average per sample 
cost, we estimated that ~425 water quality samples could be analyzed for the cost of the AquaBOT. If 
one were to manually collect water samples at the same spatial resolution as measured along the 2.3-km 
reach of Alleman Creek using the AquaBOT (i.e., every 9 m), the sample analysis cost would exceed the 
AquaBOT cost after less than two sampling events. There are additional costs associated with these 
measurement methods that were discussed in the report but not included in the overall cost analysis 
because they depend strongly on the user’s needs (e.g., how frequently samples are collected, how many 
sites are sampled). The report also details additional factors (e.g., personnel time for fieldwork and lab 
work, calibrants, analyzing samples in one’s own laboratory) and nonquantifiable benefits and 
limitations (e.g., longevity of sensor systems, accuracy/precision of sensors versus analytical techniques, 
data and sample availability) to take into account when selecting a water quality measurement approach. 
Overall, measuring water quality at a high spatial resolution is more cost-effective using the AquaBOT 
than via manual water quality sampling/analysis, but we were not able to compare the AquaBOT cost to 
similar drone-sensor technologies because the latter costs are typically not available for comparison.  
 
(3) A key challenge of the AquaBOT is that measurements integrate both spatial and temporal variation 
in water quality parameters. We note, however, that this challenge is not unique to the AquaBOT 
because water quality data collected by most measurement approaches integrate spatial and temporal 
variation to various degrees. For instance, the equivalent conventional measurement approach to the 
AquaBOT involves collecting multiple measurements (i.e., manual grab samples) along a river network. 
Similar to the AquaBOT, these longitudinal, manual collection surveys can reveal spatial patterns in 
water quality, but the data also reflect temporal variation unless all measurements are collected at the 
exact same time. To identify temporal versus spatial controls, we are collecting water quality data from 
fixed sensor stations so that the predominantly temporal changes measured via fixed sensors could be 
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“subtracted” from the AquaBOT data to reveal the predominantly spatial signal. A reviewer makes an 
excellent point that this would reduce the cost-effectiveness of the AquaBOT approach; however, 
because a fixed sensor station would be needed to account for temporal variation in manually collected 
samples from longitudinal surveys, this additional cost would be applied to both approaches, not only the 
AquaBOT.  
 
(4) Our focal site for AquaBOT measurements is Alleman Creek, in part to test the AquaBOT approach, 
but primarily to evaluate the efficacy of saturated buffers at reducing nutrient loads to streams (this site 
will be receiving saturated buffers along the ~2-km reach in summer 2021); however, our overall 
research plan also includes conducting longer AquaBOT runs along stream and river networks to 
examine how spatial patterning of water quality varies from small to larger streams. For example, we 
planned on conducting measurements along a 50-km reach of the Southfork River, Iowa, and have 
identified various launch sites and worked with the local watershed alliance for site access. Although 
these measurements were put on hold in FY 2020 due to COVID-19, we plan to conduct AquaBOT runs 
along the Southfork or similar nearby river networks in FY 2021.  
 
(5) We agree with a reviewer comment that outreach and engagement of stakeholders is an important 
aspect of this project. We have actively been presenting on the AquaBOT system and initial results to a 
variety of stakeholders. To date, this has included presentations to local watershed management 
authorities and watershed alliances (Southfork Watershed Alliance, Raccoon River Watershed 
Association) in Iowa; groups focused on stream management, restoration, and monitoring (Soil and 
Water Conservation Society, Upper Midwestern Stream Restoration Symposium); and scientists 
interested in nutrient biogeochemistry (Society for Freshwater Science, the American Geophysical 
Union). We have received considerable interest in the AquaBOT system and its application to better 
understanding water quality dynamics, especially from the local watershed management authorities, and 
we are working together with the Polk County Watershed Management Authority (Iowa) to use the 
AquaBOT to assess saturated buffer efficacy. 
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ENABLING SUSTAINABLE LANDSCAPE DESIGN FOR CONTINUAL 
IMPROVEMENT OF OPERATING BIOENERGY SUPPLY SYSTEMS 
ANTARES 

PROJECT DESCRIPTION 
When fully developed, documented, and 
demonstrated in three commercially relevant 
bioenergy supply sheds, the landscape-design 
activities, associated enabling tools and practices, and 
the field-level sustainability and logistics system 
results will advance the SOA of sustainable 
bioenergy landscape design processes that will support current and future cellulosic biorefineries and the 
emerging bioenergy and bioproducts industries. Through outreach and information resources developed by the 
project team, the template created by this project can be adapted and implemented elsewhere and will offer a 
path to shared benefits for a broad range of federal, state, local, and industrial stakeholders. This project will 
utilize new and emerging subfield analytical software that will enable management decisions via precision 
agronomics. This will allow the identification of optimum areas to incorporate perennial energy crops and 
conservation practices into corn and soybean producing fields in a manner that is both economically and 
environmentally beneficial. The foundation of the project’s multistage stakeholder outreach plan is to leverage 
existing federal, state, and local conservation programs, coupled with a transformative approach of integrating 
herbaceous energy crops into the bioenergy supply mix to supplement agricultural residues. The project team 
will fully monitor harvested acres of agricultural residues and warm season grass energy crops. The project 
team implemented a modified conservation grasslands approach on a pilot program basis to allow the 
establishment of approximately 2,000 acres of warm season grass energy crops that allows landowners to 
retain their conservation program benefits. Additional conservation practices have been implemented and 
monitored by team members, including the establishment of more than 15,000 acres of cover crops. A 
multiyear comprehensive field research, testing, and monitoring program has been conducted on targeted fields 
within the project’s activities.  

The best and most immediately relevant opportunities to develop and demonstrate innovative and impactful 
landscape design practices for bioenergy systems exist within the feedstock supply sheds of operating 
bioenergy projects. This project has been primarily focused on the biomass feedstock supply sheds serving 
POET-DSM’s Project LIBERTY biorefinery in Emmetsburg, Iowa, and DuPont Cellulosic’s biorefinery in 
Nevada, Iowa (plant recently sold to VerBio for renewable natural gas production from herbaceous biomass 
feedstocks). These are areas where land use change is already underway but is still early in its evolution in 
supporting the supply chains of groundbreaking cellulosic biorefineries. The project has built on information 
available from these operating bioenergy systems and collected additional data necessary for addressing 
barriers and stakeholders’ objectives. The project’s activities are also coordinated with the Iowa Department of 
Agriculture and Land Stewardship, and they are aligned with their aggressive efforts through the Iowa Nutrient 
Reduction Strategy to reduce nutrient runoff that contributes to Gulf hypoxia and other negative impacts to 
water quality. The project team is also implementing precision-agriculture strategies to improve the 
profitability and sustainability of biomass harvest operations and decision-making processes. 

WBS: 4.2.2.60 

Presenter(s): Kevin Comer 

Project Start Date: 04/01/2016 

Planned Project End Date: 03/31/2021 

Total DOE Funding: $9,000,000 
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Photo courtesy of ANTARES 

COMMENTS 
• The project contributes an important perspective in the bioenergy production conversation, focusing on 

energy crop production in marginal lands, and specifically an analysis at the subfield scale. It seems like 
a viable alternative crop opportunity for farmers. Still, one could imagine that farmers with a higher 
relative proportion of marginal lands on their property would potentially benefit the most from the 
technologies developed in this project but might also be less likely to participate due to risk aversion or 
lack of minimum required resources (access to appropriate harvesting machinery, etc.). It seems if the 
technology is developed with those farmers in mind, all farmers might benefit. Otherwise, those who 
already have access to resources and capacity to try something new on their land might be the only end 
users who participate and therefore benefit. 

• It seems as though changes in the buyer (closure of Dupont and POET facilities) impaired this project’s 
market to sell feedstock. This will likely continue to be a problem as the industry works to get off the 
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ground, but it emphasizes the need for versatility and that a single buyer is not reliable at this stage in the 
technology deployment. Nonetheless, the project did well to continue with the data collection. 

• It is really important to watershed and ecosystem sustainability that you are including nitrogen and 
phosphorus impacts in this work; great job. The large acreage of land you’ve recruited to your project is 
impressive: 3,000 acres on marginal lands. It sounds like you’ve done a lot of work, but critical results 
related to the stakeholder engagement process and impact, the environmental sustainability indicators, 
and logistics were not described. How are you sharing/making public the data you’ve collected? The PI 
really should have a handle on the high-level activities and results from your team and overall project. 
As such, it was difficult to evaluate whether the approach has substantial merit to advance the SOA, is 
relevant to the Strategic Analysis Support BETO Program and Technology Area goals, and is innovative 
in its application. It is difficult to tell BETO if they should fund additional parts of this project given the 
PI’s inability to discuss many of the impacts and results. 

• This important project is attempting to identify strategies to improve farmer revenue, environmental 
performance, and biomass production in parallel, which would reduce trade-offs among performance 
metrics. The project team is extensive and leverages strengths from across the national labs, federal and 
state agencies, as well as academia and the private sector. The forward-looking effort to build a template 
for future biorefinery projects will be important for the development of cost-effective and successful 
bioenergy supply chains. The public release of the AgSolver Profit Zone Manager software (being 
incorporated into an existing software system) should provide direct access to the tool by farmers; 
however, there are still some questions about the scalability of these approaches and usability by the 
intended farmer audience. It would be valuable to pare down the range of treatments, etc., based on 
primary drivers of performance and identify best practices so that farmers would have a more tractable 
range of solutions to select from. It would be helpful to lay out the barriers and/or benefits to farmer 
adoption of methodologies as well as information on the likely cost to farmers of the Straeter Cornrower 
header. 

• This is a strong effort, despite the difficulty of managing such an enormous undertaking with field and 
modeling elements. Its reach across 16 individual landowners, well-placed partners, and significant cost-
share are impressive and support efficacy. I appreciate its focus improving the economic and 
environmental performance of agricultural land via biomass from cover cropping, perennial grasses, and 
buffer strips. I encourage an effort to further ground-truth the harvest and soil carbon projections 
modeled here. 

• This project is highly relevant to this program area’s efforts because it combines modeling with real-
world field data. Its results could have substantial implications for the economic viability and scale of the 
bioeconomy. The project appears to be making substantial progress in implementing its 
recommendations and measuring results on its targeted land areas; however, it would be helpful to better 
understand the scalability of this approach and determine its cost-viability when applied to a broader area 
of study. 

PI RESPONSE TO REVIEWER COMMENTS 
• We appreciate the reviewer’s comments and time spent offering feedback on our project and 

presentation. We are confident that this project has provided a great deal of publicly available 
information and significantly advanced the SOA knowledge and analytical capabilities associated with 
the project’s overall landscape design strategy. A software system for precision agricultural business 
analysis (developed by AgSolver, now available as part of EFC System’s FieldAlytics software) was 
advanced and commercialized within the project period and is now available to an existing customer 
base that is managing tens of millions of acres. This was a significant step toward large-scale market 
deployment. The New Holland/Straeter Cornrower header for variable-rate sustainable removal of high-
quality corn stover has been commercialized, and this project contributed to advanced control features 
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that link sustainability factors to biomass removal rates in real time. During harvest, this unique 
development provides a range of benefits to farm managers and biomass customers, including reduced 
harvest cost (up to $14/dry ton), improved biomass quality (low ash), and site-specific control 
capabilities to help ensure sustainable harvests under variable field conditions. Our project team has 
measured, modeled, and published results that demonstrate the strategies targeted in this project will 
sustain or improve soil carbon levels, significantly reduce nitrogen and phosphorus runoff, reduce soil 
loss, improve soil health, and improve farm profitability on marginal acres. More than 30 journal papers 
and reports associated with project activities have been published to date. At least four new (not yet 
commercialized) software tools for aiding decision making and information distribution for strategies 
considered have also been developed and demonstrated. Based on prior Peer Review feedback and our 
team’s recognition of the importance of landowner feedback, communication, and information sharing, 
our team has published several papers that include feedback from stakeholders regarding their priorities 
for sustainability indicators. Perhaps the most significant of these efforts involved a series of structured 
one-on-one interviews with approximately 40 landowners representing different levels of experience and 
exposure to biomass supply issues (e.g., corn stover suppliers, conservation acre owners, switchgrass 
suppliers, row crop producers). Those interviews resulted in a +200-page Ph.D. thesis report, several 
publications, conference presentations, and a new decision support tool that incorporates landowner 
priorities into a decision-making framework. Those interviews and subsequent analysis verified this 
project’s premise, that although environmental sustainability issues are important, farm profitability is a 
primary driver of land management decisions and strategies among producers.  

• This project identified opportunities that will simultaneously improve farm profitability, environmental 
outcomes, and provide new, publicly available information and decision support tools that will more 
readily facilitate landscape design decisions and quantify impacts of those decisions from financial and 
environmental perspectives. Feedback provided by our cooperating landowners confirms the importance 
of our project vision and strategies. To further enhance communication between our team and 
participating landowners, USDA Agricultural Research Service has prepared individualized, detailed soil 
quality analysis reports for every field where we performed fieldwork and collected soil samples. By the 
end of this project, team members will have participated in more than 150 local stakeholder meetings, 
collaborated with many different groups on project activities, provided frequent updates to our 
stakeholders, and actively sought to gather ongoing input from local stakeholders who are engaged in 
project activities. This includes local watershed alliances, producers, conservation agencies, and the 
scientific community. Those collaborations have resulted in well-attended local field practice 
demonstrations and field days, and they have demonstrated several new technologies to a wide variety of 
stakeholders who have remained actively engaged throughout the project. We believe our team has 
demonstrated that landscape design for continual improvement of operating bioenergy supply systems 
can be compelling and advantageous from the perspectives of individual landowners/farm managers, 
commercial-scale biorefineries, and state/regional programs being designed to meet water quality 
objectives. Undoubtedly, market conditions and government policies will determine the extent to which 
this project’s landscape design tools and strategies are financially attractive to landowners with regard to 
supplying sustainable biomass supplies from marginal acres (perennial crops) and/or harvesting crop 
residues (e.g., corn stover, cover crops). This project has made significant SOA contributions, but 
additional R&D is needed to enhance many of these tools and encourage the implementation of those 
strategies to more fully validate the sustainability benefits and impacts for a wide variety of field 
conditions.  

• In summary, we believe this project has established a valuable portfolio of field-scale opportunities and 
built positive local stakeholder and landowner relationships that can be leveraged in future research and 
demonstration projects. It has also provided valuable field and model validation that will significantly 
advance sustainable bioenergy production by implementing landscape design strategies. 
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BIOFUELS INFORMATION CENTER 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
The purpose of the Biofuels Information Center task 
is to provide relevant data, information, reports, and 
web-based tools to all bioenergy stakeholders. The 
Biofuels Information Center task began in FY 2008 
to meet the requirement under Title II, Sec. 229 of the 
Energy Independence and Security Act of 2007 that 
requires DOE to develop a “Biofuels and Biorefinery Information Center.”  
 
The Biofuels Information Center task supports biofuels pages content on EERE’s most visited website, the 
Alternative Fuels Data Center (http://www.afdc.energy.gov), and the Bioenergy Atlas tools 
(https://maps.nrel.gov). This task results in more than 1 million web page views (an instance of an internet user 
visiting a web page) per year. In FY 2017, the task expanded to include the USDA’s Biofuels Infrastructure 
Partnership and the annual Bioenergy Industry Status Report. The USDA Biofuels Infrastructure Partnership 
expanded infrastructure for E15 and/or E85 to approximately 850 stations, and NREL reviews data for quality 
and analyzes all infrastructure and sales data collected by the USDA. Stations are privately held, and 
previously it was difficult to ascertain infrastructure and sales data. This unique data set allows insight into 
infrastructure data (number of pumps and tanks, costs to install new equipment) and sales data (price and 
volume for E10, E15, E85, and diesel by month). The 2019 USDA Biofuels Infrastructure Partnership National 
Summary Report is with DOE for review prior to publication. The Bioenergy Industry Status Report provides 
key bioenergy metrics in one place. Topics covered include biofuels (ethanol, both starch and cellulosic; 
biobutanol; biodiesel; and renewable hydrocarbons), renewable natural gas, biopower, and bioproducts. 
Reports were published for data years 2013, 2015, 2016, and 2017.  
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Photo courtesy of NREL 

COMMENTS 
• The Biofuels Information Center platform represents an important contribution to the BETO portfolio, 

and the reported number of page views was impressive, especially given the volatility in the fuel market 
in 2020. It seems information beyond page views might be helpful to understand the extent to which the 
data are being utilized, through downloads or other tool engagements. This project has clear connection 
to the needs of stakeholders, especially industry partners, and is on time meeting project goals and 
deliverables. 

• It is good to see this project working harmoniously with the Bioenergy KDF, such as being the central 
repository for geospatial information. 

• The Biofuels Data Center provides a valuable service to DOE by organizing a wide array of data and 
web tools, and it makes them accessible to stakeholders and the public. This effort makes use of 
extensive coordination with other agencies as well as through contacts with industry. The project team 
has developed a thorough project management plan for collecting, verifying, and updating their data sets, 
showing continual improvement and expansion. The impact of the project is illustrated via Google 
Analytics, showing a high degree of engagement. 

• The Biofuels Information Center continues to be an important component of BETO’s data collation and 
outreach program. The impact of this center is evident—more than 1 million page views shows that 
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people are using it. The Bioenergy Atlas provides a venue for geospatial data on current and potential 
feedstocks and supply chain infrastructure for biofuels. The transfer of the Billion Ton Study information 
and other geospatial data formerly housed on the Bioenergy KDF to the Bioenergy Atlas is an important 
consolidation that will help interested parties find the data more efficiently. The Bioenergy Industry 
Status Report is a high-value publication of information not easily accessible elsewhere. The addition of 
renewable diesel, sustainable aviation fuel, and marine fuels would be very valuable to industry 
participants and would expand the impact of the Biofuels Information Center. One opportunity that was 
not discussed was the potential to study the USDA Biofuels Infrastructure Partnership information to 
generalize those real-world data into model inputs for other projects in BETO. This would be a helpful 
real-world validation of information going into BETO models and projects. 

• This PI is an expert in the fuels distribution industry landscape and decision factors. In fact, it seems to 
be more integrated with industry than with colleagues at other national labs. This is useful in bringing 
new lenses to BETO’s work as well as potential new partners and data, but it is also important to 
consider whether the effort could better support the broader BETO ecosystem. It is clearly filling an 
important niche, as illustrated by the large number of page views. Their approach to data vetting and 
visualization has created an impactful and credible source of information. 

• This was clearly a complicated project, with numerous stakeholders and partners. Excellent job ensuring 
data quality and integrity. The Alternative Fuels Data Center is clearly an important data portal for the 
bioenergy community. The wide range of data visualization and analysis available within the site is 
commendable. You need to ensure that this database is collaborating with and not duplicating KDF. 

PI RESPONSE TO REVIEWER COMMENTS 
• The PI thanks the reviewers for their insightful feedback. The Alternative Fuels Data Center is intended 

for a wider, general audience with less technical knowledge. The Bioenergy KDF is for engineers and 
scientists sharing their research among peers. The two projects will collaborate to ensure there is not 
duplication of effort. The USDA Biofuels Infrastructure Partnership data will be used as inputs into other 
BETO-funded tools and models, including the BSM. 
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BIOENERGY KNOWLEDGE DISCOVERY FRAMEWORK 
Oak Ridge National Laboratory 

PROJECT DESCRIPTION 
There are many issues in the biofuel supply chain, 
from production to delivery, that must be addressed 
in order to foster a viable biofuel industry. 
Infrastructure issues related to the generation, 
distribution, and delivery of biofuels include finding 
the optimal locations to site a biorefinery to minimize 
cost with adequate availability of feedstock resources nearby. The Bioenergy Knowledge Discovery 
Framework (KDF) is a collaborative platform for knowledge collection, curation, and discovery to support 
DOE’s effort to develop a sustainable biofuel industry. The Bioenergy KDF facilitates expanded research 
opportunities by providing a means to synthesize vast amounts of information from across the bioenergy 
supply chain. The Bioenergy KDF enables data harmonization from different sources, and it serves as a source 
of benchmark data sets and key topics. Recent updates to the Bioenergy KDF have been focused on migrating 
from an open community model, where any user with an account could contribute data, to a curated content 
model, where the KDF development team will work closely with national lab partners and BETO to create, 
edit, and maintain key content within the KDF. Improvement and updates to the underlying open-source 
technology supporting the KDF have helped to facilitate this transition. 

 

COMMENTS 
• It was not clear how this project is different from or related to the Findability, Accessibility, 

Interoperability, and Reusability (FAIR) data project or the Alternative Fuels Data Center. This project 
seems to be primarily website upkeep and not research. In terms of impact, presenting the Google 
Analytics would be helpful, and making the site look aesthetically more like other DOE websites so that 
navigation is seamless. It seems that this project should be merged with the Alternative Fuels Data 
Center, using the Alternative Fuels Data Center format as lead. It is not clear why two separate data 
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Planned Project End Date: 09/30/2022 

Total DOE Funding: $450,000 



2021 PROJECT PEER REVIEW 

 

773 DATA, MODELING, AND ANALYSIS 

access points need to exist for BETO. This particular project seems to be something that could be simply 
managed by DOE web services, rather than researchers. 

• It is good to see the strategic pivots this project has taken. Given that the KDF is a key conduit to 
disseminate information, it is good to see the website reflect office priorities on the landing page, such as 
the marine and aviation fuel pages. The more the project can define its audience and hone interests/needs 
and barriers for its audience, the more likely that DOE-funded research will be disseminated to the right 
stakeholders. I see the project make tremendous strides in its data collection and presentation. It may be 
worthwhile to invest more in the front end of the website by bringing in third-party experts in data 
presentation to get an in-depth take on how the Bioenergy KDF can best suit the office’s goals. 

• The management plan and implementation strategy are clearly identified in the presentation, and major 
risks/challenges are clarified during a Q&A follow-up. The KDF site and its recent platform changes are 
impressive, offering a wide array of resources to researchers and others. The site should clearly articulate 
connections and differences with other databases through the BETO portfolio to increase the impact of 
this and other associated projects. The project has made impressive strides since the last Peer Review 
and appears to be progressing on time. If possible, the KDF should consider incorporating a public-
facing space for educational tools that engage with the database/current research to enhance K–12 and 
higher education curricula and encourage bioenergy literacy. 

• The apparent shift from a user-updated model to curated content model is a worthwhile strategy because 
it can ensure that data sets are up to date, maintained, and high quality. In particular, this tool can serve a 
useful role as a geospatial data repository because a great deal of overhead in both compute resources 
and data management is involved in hosting geospatial data, making it difficult for smaller entities. It is 
not immediately clear how much interest or web traffic the KDF is attracting beyond the Billion Ton 
sites. 

• The Bioenergy KDF is a useful tool for accessing bioenergy data, particularly for national lab data. The 
platform represents a substantive addition to the resources enabling bioenergy research and analysis. 
There is a risk that resources will not allow the data to be kept up to date. The project has progressed by 
transitioning to newer software and updating the user interface and curation approach. The move to 
consolidate the Bioenergy KDF focus on data and outputs from BETO and national laboratory 
researchers makes sense, as does the move to a more curated approach. One of the current challenges is 
there is no “one-stop-shop” to find all projects, data, etc., from bioenergy-related projects from BETO. 
The newly developed project-focused pages are a helpful addition to give people an entry point for 
particular areas of interest. Ensuring that the data are FAIR will advance the utility of the site. The team 
should consider whether/how the FAIR data repository concept being developed under another BETO 
project could be consolidated under the Bioenergy KDF. It would also be helpful to clarify the 
differences between the Bioenergy KDF, the Biofuels Information Center, and the Bioenergy Atlas Tool. 
It appears these are intended to serve different audiences, but ensuring that the distinctions are clear and 
ensuring relevant cross-linking is used are important. The renewal cycle for data should be clarified as to 
whether there is there a process for culling old data or reaching out for updates. It makes sense to talk 
with other agencies, such as the USDA, regarding their National Agricultural Library/Ag Data Commons 
on approaches and best practices for data curation, refresh, and management. 

• The KDF provides a valuable service to the general public by compiling resources and making them 
available. This effort has a clear, well-defined objective and lays out its impacts via page views to 
illustrate its usage. In response to previous feedback, the project team is improving the database to 
enhance content curation, update the software, and improve the data organization. 
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PI RESPONSE TO REVIEWER COMMENTS 
• Thank you for the feedback. We are working closely to determine and communicate the differences and 

similarities between the KDF and other funded efforts to reduce redundancy but promote collaboration 
and cross-capability data sharing. As per the user interface design, we will work closely with BETO and 
other web designers to ensure we are following up-to-date web design standards. The KDF team will 
continue to work to bring the most relevant data and adapt to the changing requirements of the 
community. 

  



2021 PROJECT PEER REVIEW 

 

775 DATA, MODELING, AND ANALYSIS 

ACCELERATING BIOENERGY TECHNOLOGY ADVANCEMENT THROUGH 
FAIR DATA DELIVERY  
Oak Ridge National Laboratory 

PROJECT DESCRIPTION 
The purpose of this project is to assess whether 
bioenergy technology development can be 
accelerated by improving the Findability, 
Accessibility, Interoperability, and Reusability 
(FAIRness) of relevant data and information that are 
presently stranded, inaccessible, or otherwise 
underutilized. Examples of these data and information include material presently protected as proprietary, data 
from “failed” experiments, and data from companies or programs that are no longer operating. Data may also 
be effectively inaccessible where there are insufficient metadata for discovery, where the metadata are in an 
isolated repository known only to a particular group of people, or where the metadata are in nonstandard 
formats. 

This project is a new start, beginning in mid-November 2020. To date, we have done an initial solicitation for 
leads on data that would be of value to the community, and we have done an initial evaluation of the data 
identified in the July 2020 BETO Leveraging Existing Bioenergy Data Workshop. We expect to identify one 
or two data sets where creating or improving access to the data would most benefit bioenergy processing 
technology, particularly process scale-up. We have a modest budget to acquire presently rights-restricted data. 
Key outputs from this project will be one or two data sets that are made substantially more accessible to the 
bioenergy community, an assessment of the value of those data to the community, and a list of other data sets 
that are of potentially significant value, along with the estimated costs to make the data available. 
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Photo courtesy of ORNL 

COMMENTS 
• Improving data access is critical to achieving BETO’s goals; the project team here has correctly 

identified several key barriers to accessing bioenergy technology data. Although this project is still early 
in its development, I see this as a very promising project. This project team has identified an opportunity 
to utilize the program area’s community connections with industry players to access and organize failed 
experiment data and proprietary data, and make it available to researchers, which could greatly support 
the other parts of this project area. Key issues moving forward are how to protect proprietary or failed 
data while balancing the desire to improve access; is it possible to utilize such platforms as the KDF for 
less sensitive data? 

• It is nice to see the office investing in the link between its research and the end users through data 
management. 

• The management plan and implementation strategy are clearly communicated, though it is difficult to 
ascertain routes for collaboration and communication with all parties, given that some of the data sources 
remain unconfirmed and therefore were not disclosed for this review. The innovation here is avoiding 
duplication of efforts across multiple projects—a worthy task. The hang up may be a lack of interest or 
prohibitive (financial and labor) cost of acquiring data to reach the project goal. PI Wilson was 
transparent about this challenge of the project, but mitigation strategies were less clear. The project 
seems to be progressing on time, though it remains without a clear audience for the data gathered 
through this effort. This should be clarified soon in the approaching go/no-go point. 

• The go/no-go will look at only one or two data sets; given the large amount of data and data sets that this 
program deals with, this seems like a really low number. There are so many data out there related to 
bioenergy. There was no list of data sets that will be evaluated or even a description of the type of data 
(e.g., LCI data, yield data, soil data, use data). Although, in theory, efforts to create a framework for 
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assessing the (re)usability of data and information is incredibly important, it is shocking that DOE does 
not already have data quality standards and that this project did not reference those standards. There was 
no discussion of the actual approach that would be used to evaluate data quality, integrity, fix/address 
data gaps, etc. It was incredibly difficult to determine whether the approach has substantial merit to 
advance the SOA or whether the approach has a clear connection to impacts and outcomes. It was not 
clear that the project has plans to engage stakeholders; the project claims to have developed this 
presentation with feedback from stakeholders, but they were not named, nor was the stakeholder 
engagement and data collection process clearly described. For example, it seems appropriate to 
collaborate with the Alternative Fuels Data Center, KDF, etc. 

• The goal of the FAIR data repository is an estimable one. It is not, however, clear what novel value this 
project brings to the bioeconomy, and due to confidentiality concerns, the PI was unable to offer much 
detail. Insofar as this work indexing and making available targeted high-value data sets, it strikes me that 
this is the role of academic literature and that most PIs willing to share their database with this tool may 
also do so if contacted by an interested fellow researcher. The KDF struggled early with its role as an 
unfiltered data repository, and if this project seeks to be actively managed, then perhaps it should be 
merged with that effort? 

• This is a new project, so review is based primarily on planned activities. The presentation provides a 
good outline of the approach, management, and key risks. The information about the value of ecological 
data over time versus changeable process data justifies the emphasis on recent process data. The group 
has made appropriate progress, given that the project started just 3 months ago. The BETO portfolio 
itself is an appropriate place to start with this effort to get researchers to consider the FAIR nature of 
their data at the beginning of projects. A key opportunity to be explored is whether/how to use the 
Bioenergy KDF to curate and store the data coming from this project or whether both the Bioenergy 
KDF and this database should be merged into something larger and more comprehensive for DOE-wide 
use. There are lessons to be learned from existing repositories of publicly available data (e.g., the 
National Agricultural Library’s Ag Data Commons). A key challenge is making the barrier to entry on 
any FAIR repository low enough to encourage researchers to actually post data to it. 

PI RESPONSE TO REVIEWER COMMENTS 
• The data that we are investigating are not public, and until the data transaction is complete, we do not yet 

have permission from the data owners to disclose the discussions in the public forum of this BETO 
Review. These discussions include industry scale-up data that have recently been highly confidential. In 
all cases, these are data sets for which no academic publication exists, so the academic literature is not a 
viable venue for making the data public, though it is possible that publishing these data may enable 
future review papers. Price discussions may prove successful, but if they do not, the data would not be 
released. The vast majority of the bioenergy data sets that the BETO program deals with are already 
being made public, as required by DOE policy, through tools like the Bioenergy KDF, and are therefore 
out of scope for this work. In fact, the majority of the data we are looking at were not funded by DOE at 
all, which we may not have made clear to the reviewers. Although all bioenergy data that would be 
useful to others are fully in scope, we are focusing on scale-up data from conversion (both high 
temperature and fermentation), as was discussed in the presentation, based on the input received at 
DOE’s summer 2020 workshop: Leveraging Existing Bioenergy Data: Workshop Summary Report 
(https://www.energy.gov/eere/bioenergy/downloads/leveraging-existing-bioenergy-data-workshop-
summary-report). The time limits for this presentation did not permit getting into the data quality 
assessment approach, which is primarily a qualitative assessment by subject matter experts, similar to 
manuscript peer reviews. Some BETO programs have specific quality standards, and we will consider 
those in our evaluation, but work beyond consulting existing standards is out of scope for this work. 
Thank you for the link to the Ag Data Commons. Their Data Submission Manual, Guidelines for Data 
Files, and clear statements of policy are additional useful examples. Note also that the ORNL Earth 
System Informatics and Data Discovery Section (https://www.ornl.gov/section/earth-system-informatics-

https://www.energy.gov/eere/bioenergy/downloads/leveraging-existing-bioenergy-data-workshop-summary-report
https://www.energy.gov/eere/bioenergy/downloads/leveraging-existing-bioenergy-data-workshop-summary-report
https://www.ornl.gov/section/earth-system-informatics-and-data-discovery
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and-data-discovery), which is the home for this project, includes other projects that have been making 
research data publicly available and reusable for decades. 

 

 

https://www.ornl.gov/section/earth-system-informatics-and-data-discovery
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INTRODUCTION 
The Feedstock-Conversion Interface Consortium (FCIC) Technology Area is one of 12 technology areas that 
were reviewed during the 2021 Bioenergy Technologies Office (BETO) Project Peer Review, which took place 
virtually March 8–12, 15–16, and 22–26, 2021. A total of 14 presentations were reviewed in the FCIC session 
by five external experts from industry. For information about the structure, strategy, and implementation of the 
Technology Area and its relation to BETO’s overall mission, please refer the corresponding Program and 
Technology Area Overview presentation slide decks, which can be accessed at: 
https://www.energy.gov/eere/bioenergy/2021-project-peer-review-feedstock-conversion-interface-consortium 
and https://www.energy.gov/sites/default/files/2021-04/beto-01-peer-review-2021-fcic-wolfrum.pdf. 

This review addressed a total U.S. Department of Energy (DOE) investment value of $29.8 million, which 
represents approximately 4.5% of the BETO portfolio reviewed during the 2021 Peer Review. During the 
Project Peer Review meeting, the presenter for each project was given 25 to 35 minutes to deliver a 
presentation and respond to questions from the Review Panel.  

Projects were evaluated and scored for their project management, approach, impact, progress, and outcomes. 
This section of the report contains the Review Panel Summary Report, the Technology Area Programmatic 
Response, and the full results of the Project Review, including scoring information for each project, comments 
from each reviewer, and the response provided by the project team.  

BETO designated Liz Moore as the FCIC Technology Area Review Lead, with contractor support from 
Alexander Jansen (Boston Government Services). In this capacity, Liz Moore was responsible for all aspects of 
review planning and implementation. 
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FEEDSTOCK-CONVERSION INTERFACE CONSORTIUM REVIEW PANEL 
SUMMARY REPORT 
Prepared by the Feedstock-Conversion Interface Consortium Review Panel 

INTRODUCTION 
The Feedstock-Conversion Interface Consortium (FCIC) provided 14 presentations to the public on March 15 
and 16, 2021. These presentations covered the progress of the national labs and their academic and industrial 
partners. These projects are geared toward providing data and solutions to the challenges of identifying the 
correct feedstock for a given process as well as moving that feedstock from the front gate of a facility into the 
reactor. These challenges are often overlooked because of the age and ubiquity of other biomass handling 
facilities in the nation, such as pulp and paper, pellet mills, corn syrup, and corn ethanol facilities. The notion 
is that the technology already exists, and one must simply select the most cost-effective solution. Actual 
experience in the industry has proven otherwise. Countless months and dollars have been expended attempting 
to move the raw biomass. When it has found its way into to the main process equipment, unexpected problems 
have arisen because of the nature of the biomass itself.  

Biofuel and biochemical start-ups have limited understanding of feedstock variability and related impacts. 
These companies, reasonably, focus their initial resources on the heart of their intellectual property, such as 
their organism, reactor, or catalyst. That intellectual property is what will earn them corporate value and 
continued patience from investors. Bench-scale research is often done using bottled gases or pristine 
feedstocks. These companies understand that they cannot address or even know about feedstock risks that may 
exist at larger scales and technology readiness levels and accept risk during development. FCIC is attempting 
to help these companies by providing guidance to their research, tools to monitor for those risks, and design 
best practices that fall outside of the heart of their technology. 

In 2019, FCIC updated their intent from a focus on operational uptime and reliability to a “first 
principles”/“quality by design” (QbD) approach. First principles are the core building blocks of process models 
and designs. The first principles approach is a root cause analysis on many of the failures BETO that have been 
witnessed. QbD is the practice of providing controls to correct for and address the causes of failure in these 
processes learned through the first principles approach. Hand in hand, they can work effectively provided the 
right roadmap. 

STRATEGY 
Does the technology area have a defined strategy in terms of a clear mission, goals, 
and/or set of technical targets? 
The philosophy of FCIC has evolved since 2018 into a more sophisticated and valuable mission to uncover the 
root causes of many failures seen in the biofuels and biochemicals industry to date. Given that the plan is very 
recent, it is reasonable that not all parts of the overall mission are defined at this time. What we believe is still 
missing is a roadmap that will provide a vision for how this overall process can be achieved in a timely and 
efficient manner. 

What was clear to the reviewers during the presentations is that the full breadth of the biofuels industry is not 
part of the current work of the FCIC member teams. This left gaping holes during our review, questioning 
whether such things as high-temperature gasification, other non-deacetylation and mechanical refining (DMR) 
pretreatment processes, or feedstocks beyond corn stover and wood are a part of a future plan or whether these 
have been pushed to the side. The reviewers note that while high-temperature gasification is not a part of the 
FCIC current work plan, two of the three demonstration-scale plants funded by the Department of Defense and 
supported by the Department of Energy utilize high-temperature gasification. 
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The goal of working from first principles across so many different technology types, feedstocks, products, and 
pathways is an immense challenge. It would be impractical and detrimental to expect that BETO and FCIC 
attack these different paths all at once. FCIC and BETO have had to choose, and they have chosen. The 
concern is that the choice is a silent one. A roadmap with measurable SMART metrics is needed that 
encompasses the known technology pathways. In time, BETO should plan to incorporate new complexities and 
options as the science, industry, and progress dictate. 

To date, the reviewers believe that at a task level, FCIC has done an excellent job of accepting the new work 
approach and providing meaningful results. The implementation of the QbD and first principles approach in 
FCIC is noticeable and should be applauded. In the past, some projects have fixated on improving the 
performance of a particular piece of equipment, which may or may not have further utilization by others. The 
current slate of projects within FCIC are clearly addressing more general fundamentals and applying those 
learnings toward specific units of operation. Therefore, in the future, units of operation that rely on common 
operational principles can leverage past research in its design and application.  

Integrating a summary of a relevant techno-economic analysis (TEA) case study into each task’s presentation 
would help the audience better understand the impact and industrial relevancy of the work being performed. 
The science is impressive, but for several tasks its significance for solving industrial problems is not entirely 
clear.  

Is the technology area considering appropriate industry and stakeholder input in 
developing program strategy, FOA topics, and laboratory calls? 
DOE and BETO put every effort into involving industry through outreach programs, funding opportunity 
announcements (FOAs), and other contracting opportunities. In recent years, BETO has listened to industry 
feedback and incorporated more biochemicals into its development, has begun to look more closely into 
marine and aviation fuels and other arenas that will be more challenging to electrify, and has pushed more fluid 
catalytic cracking integration into the platform. Although not reflected in its current set of industry 
partnerships, FCIC has set up a structure and strategy to address challenges from that same variety of projects 
and processes. The problems being addressed by FCIC are appropriate and impactful to industry. However, 
without many new large-scale demonstration or commercial projects, DOE has had to rely on the lessons 
learned from the nearly 10-year-old American Recovery and Reinvestment Act projects and few commercial 
projects that are in construction.  

Industry partnerships with DOE have of late come from a very consistent group of stakeholders. DOE is 
missing significant involvement from the pulp and paper industry, a wider group of feedstock/landowners, 
venture and/or other capital firms, aviation, and pellet producing companies. More varied voices are needed 
within DOE to sow excitement and capital into the industry. Industry input from the conversion industry was 
lacking particularly in the area of sustainable aviation fuels. The recently announced multi-topic FOA (2396) 
once again emphasizes biofuels, especially sustainable aviation fuels and marine.  

Awareness of the BETO and FCIC program may not be the primary issue. The cost of managing federal 
funding remains a hurdle many businesses are not willing to jump over. If FCIC can help streamline this 
management, it may aid in attracting additional businesses to conduct additional work with the government.  

Are there any gaps in the technologies or approaches the technology area is funding which 
are necessary to achieving strategic outcomes? 
Certain industrial partnership projects were either started prior to the new QbD approach or have otherwise not 
been incorporated. It appears that additional project communication inside and outside of FCIC could benefit 
the overall BETO program to minimize replication and improve collaboration. One FCIC principal investigator 
(PI) noted during the Peer Review that they were unaware of the work going on within FCIC that could 
influence their own project.  
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The critical material attribute (CMA)/critical quality attribute (CQA) approach that FCIC and BETO are taking 
appear to be working well. However, for several projects, the relationship between CMAs, critical process 
parameters (CPPs), and CQAs was not clear. Furthermore, in several cases it was difficult to trace back the 
CMA for a given unit operation to the original feedstock CMA. Overall, the reviewers believe that the QbD 
approach is in its infancy with substantial opportunity for its use both experimentally and in the first-principle 
modeling. The projects have made good progress on known issues within industry and are building a system 
that can more efficiently extrapolate upon their current work. The expectation is that in a few years’ time FCIC 
will be able to identify the best practice of conveying feedstock into a number of pieces of equipment with a 
science-backed specification. Examples of our observations are as follows: 

1. The Materials of Construction team did not describe the impact of any CMAs on the wear of the 
knives. 

2. The Feedstock Variability team developed new CMAs for corn stover and pine, but the new CMAs 
were not used in any of the other tasks or first-principle modeling. 

3. The Material Handling team did a good job of showing the relationship of CMA, CPP, and CQAs. 
They also used the values in some of their modeling. 

4. The Preprocessing team discussed the number of CMAs, CPPs, and CQAs they had identified but did 
not show the relationships except in air classification. Air classification was a good example of tying 
the properties together with some modeling. 

5. The High Temperature Conversion team utilized CMAs in their first-principle models and used one 
CPP (reactor temp). The fiscal year (FY) 2021 case study is an opportunity to look at additional CPPs 
and correlate the CMA/CPP both experimentally and through their kinetic model using two different 
materials (13-year and 23-year whole tree). 

6. The Low Temperature Conversion team looked at CMAs and compared the results using artificial 
intelligence (AI) modeling. There is no mention of CPPs, which reflects an opportunity for future 
work. 

STRATEGY IMPLEMENTATION AND PROGRESS 
Is the technology area funding a range of projects closely tied to the program or 
technology’s strategic direction? Which projects are particularly relevant to achieving these 
goals? 
The projects currently in development have been appropriately selected to achieve the goals of FCIC for both 
the 2018 mission of increased reliability and then the modified 2019 mission for increased reliability through 
an understanding of first principles and a QbD process. There was a concern when moving toward the QbD 
approach that validation and piloting would be hindered by a lack of complete knowledge. However, the 
projects are being executed in a sound manner.  

Of particular importance, the reviewers noted the adoption of a common depository for data (Task 8). This task 
ties all of the other efforts together and, in the future, may be able to provide the ability for projects to be 
consistently planned and executed. The final user experience that is implemented will be critical to ensure that 
scientists are drawn to the platform and want to use it. If the data architecture does not result in a system that 
allows users to quickly and easily find the data that they are after, or if users flood the database with data not 
collected or defined in a consistent manner, then there will be no tool to inspire and ensure the collaboration 
necessary to achieve the QbD approach. 

The efforts of Task 3 were notable for its progress as well as the effort to make the tools accessible to parties 
who do not have access to a high-performance computer. The team did an excellent job demonstrating how the 
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increase in modeling complexity impacted the results that were generated. This is the type of work that can not 
only provide meaningful accurate conclusions but also provide people the ability to make reasonable 
assumptions and engineering estimates in the future based on experimental data. 

Is the technology area funding projects that are on the leading edge of work within this 
field? Which projects are particularly impactful? 
BETO and the national labs showed an impressive number of new features and experiments that have real-
world potential in the short term. The reviewers consistently agreed that the work being done by Forest 
Concepts to develop a new shear-based feedstock processing unit was very important for both the short- and 
long-term development of biorefining facilities. The project demonstrated the ability to collaborate with other 
groups within DOE to obtain and refine project knowledge, to focus on an important failure mode and 
determine the first principles cause, and to provide multiple options to address an otherwise fatal flaw. 

Is the technology area likely to meet stated near-term/mid-term goals and/or targets 
based on the current portfolio of projects?  
Materials of Construction (Task 1) appears to be closest to identifying a final recommendation for 
improvement to certain pieces of feedstock handling equipment. Two different options exist with a validation 
test planned in the near term. The team is also demonstrating how they have been able to transfer the 
knowledge and models built in Task 1 into other projects such as the Forest Concepts Crumbler. The reviewers 
believe that following the validation work, the team should move on to the study of other materials in industry. 
In particular:  

1. Soft materials such as seals in wood and corn stover applications to further remove risk and increase 
uptime. Understanding the failure mechanism of soft seals in lock hoppers could expand the 
availability of solutions to the industry.  

2. In high-temperature applications, a large amount of work is needed on developing new refractory 
materials for highly alkaline, high-temperature, abrasive applications. No such product exists today 
that meets the requirements of biomass gasification. In addition, rotating seals are a constant source of 
failure in these applications and could be studied to provide a more durable solution.  

3. Materials to improve the wear of feed augers. Other tasks looked at the measurement of wear, but 
existing projects did not appear to be looking at different materials to improve auger wear. 

Is the technology area team actively managing projects to ensure beneficial outcomes for 
the performer and the government? 
Notably, it appears that every project is meeting or exceeding their targets for this Peer Review. That in and of 
itself is a project management success. 

The reviewers noted an increase in cross collaboration between groups and projects from past Peer Reviews. 
With some exceptions, the teams appear to be aware of the work occurring in other parts of FCIC and team 
members were actively working on multiple related projects. Additional collaboration is needed between FCIC 
and other BETO groups, as non-FCIC projects are performing tasks that appear to be similar. 

As stated elsewhere in this review, measurable metrics are needed to understand overall progress. If, for 
example, a model is presented, the presentations did not make clear how far along they were in the 
development process. Is validation done at 75% complete or 95%? Are both long-term and short-term 
validation tests being considered in the overall scope of work? The task scope does not appear to be laid out in 
the plan. 
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RECOMMENDATIONS 
Recommendation #1: Establish SMART Metrics and an FCIC Roadmap. 
Industry typically has a 5-year plan for its projects, which DOE mirrors in the Multi-Year Program Plan. The 
roadmap for FCIC, however, is unclear. The current projects are limited by the utilization of DMR, feedstock 
size and type, and duration of reliability testing. Additional details of when other technologies and feedstocks 
are to be tested have not been defined. The development of such a roadmap would allow the public to 
understand how far along DOE is in developing the industry. 

The projects all appear to have achieved their tasks within the allowable schedule. But how close are we to 
having completed the goal? What is the goal? How do you measure progress on an open-ended task? The 
reviewers do not pretend to know how to address these questions. However, BETO is building a house, and we 
don’t know how many floors there are. The program needs some guideposts to calibrate against. 

Recommendation #2: Manage the Rise of Product Development Within BETO. 
DOE and BETO need to be careful when process development veers toward product development (e.g., 
industrial instrumentation or customer-facing databases). Additional expertise is needed to manage product 
development aspects. When projects have user interfaces, or if an original equipment manufacturer (OEM) 
may seek to develop a BETO-funded product, or even more generally, a software engineer is needed, BETO is 
doing product development.  

Project managers need to be aware of methods, costs, and expected durations of tasks typically used in product 
development, especially what is referred to as the fuzzy front end. Examples include a user interface 
wireframe, journey maps, and contextual interviews. Several projects either did not plan to do user research or 
planned to do them after the design was complete. This is a clear misunderstanding of how and when user 
research is utilized in product development. User research not only determines the appearance, it determines 
the feature set required by design. It is not clear that those skill sets are being utilized on all projects.  

Recommendation #3: More Meaningful and Diverse Industry Engagement. 
In most cases, the tasks cited industry collaboration. However, that collaboration was limited to the 
dissemination of papers, participation in conferences, etc. The panel is interested in seeing innovative 
methodologies to directly engage industry. Post-project symposiums or a proactive approach in utilizing the 
BETO website might be one possible approach in engaging industry. Other methods may include podcasts, a 
programmatic use of social media (LinkedIn, etc.), and/or other internet-based approaches. By reaching out in 
new ways, BETO can pursue new collaborations with a broader audience and find more interested parties 
within industry organizations. 

 

 

FEEDSTOCK-CONVERSION INTERFACE CONSORTIUM 
PROGRAMMATIC RESPONSE 
INTRODUCTION 
BETO would like to thank the reviewers for their detailed comments and review of the projects involved in the 
FCIC. 

In the strategy subsection above, reviewers noted that some feedstocks and processing technologies were not 
included in the FY19 re-scope. At that time, BETO Technology and Program Managers as well as the Office 
Director set the overall goal to broaden the understanding of how biomass feedstock properties (especially 
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chemical, physical, and mechanical properties) impact system performance. Programmatically, BETO 
provided guidance to the consortium to focus on corn stover and pine residues as feedstock and to focus on 
select conversion processes therein. There was concern that including other feedstocks (e.g., energy crops, 
municipal solid waste) as well as additional downstream conversion processes (e.g., hydrothermal liquefaction, 
gasification) might spread the funds for this research too thin. Steering Committee feedback in FY19 was that 
BETO should “get processes across the finish line.” Given that corn stover and pine were the feedstocks with 
which BETO had the most experience, this decision was also a reflection of trying to create some successes 
around those feedstocks. BETO acknowledges that there are additional important conversion properties and 
feedstocks for this consortium to explore and this will be a key component of a strategy or roadmap document 
going forward. 

BETO has included many of these recommendations in its guidance and requirements as part of the FY22–
FY24 merit review process. These include the need to partner with industrial entities, disseminate knowledge 
in ways outside of peer-reviewed journals, and include other feedstocks and conversion processes for 
consideration.  

Recommendation 1: Establish SMART Metrics and an FCIC Roadmap. 
BETO concurs with this recommendation and believes that it is appropriate to build upon the findings in the 
first triennium of the consortia and establish SMART metrics and outcomes. BETO has issued very explicit 
guidance that tasks and subtasks for FY22–FY24 must be clear on their 1-year and 3-year outcomes. These 
outcomes are expected to vary by task, but the consortium is being encouraged to develop design guidelines or 
heuristics that a vendor or engineering firm could apply to their own practices. This could represent a very 
tangible result of some of the experiments and models developed for problematic unit operations like augers, 
hoppers, and other feeding equipment. 

At this point, BETO has not developed a formal roadmap for FCIC; rather, the consortium is enabling the 
office priorities as a whole. These include two notable areas: sustainable aviation fuels and the use of wastes as 
feedstocks. Across the office, research at scales from bench-scale to demonstration-scale are being targeted for 
producing aviation fuel-range molecules. Accordingly, the FCIC will be exploring feedstock/processing 
combinations that are supportive of this goal as well as tackling research challenges that are complementary of 
pilot- and demonstration-scale plants. For example, both the Research Triangle Institute and Gas Technology 
Institute efforts are working with Idaho National Laboratory (INL) on the same feedstock to understand the 
sensitivity of the respective processes to a feedstock that was harvested, stored, and preprocessed in the same 
way. 

Waste feedstocks, including municipal solid waste (MSW) fractions, play an important part of this office 
strategy. The Conversion R&D program has funded research on these processes for several years, and the 
Feedstocks Technologies program is executing a multi-year FOA strategy aimed toward MSW as a feedstock. 
MSW is clearly more heterogeneous than corn stover or pine residues and it is anticipated that many, but not 
all, of the CMAs identified will be starting points for these additional feedstocks. MSW has been included as 
an area of interest for the FY22–FY24 lab call. 

Ultimately, a consortium roadmap and objective are critical and will be developed by the end of Q1 FY22. The 
research roadmap will encompass several facets of the biomass handling supply chain, including: 

• Plans for particular feedstock and conversion processes 

• Providing recommendations/processing parameters for improved feedstock handling equipment 

• Delivering publicly available and readily usable feedstock variability data, including its performance 
in select conversion unit operations 
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• Providing open-source models that can determine key operating regions of interest such as flowability, 
particle size control, etc. 

• Plans for disseminating results, models, and information to equipment manufacturers and vendors to 
establish performance guarantees. 

Recommendation 2: Manage the Rise of Product Development Within BETO. 
BETO agrees that the FCIC should not pursue product development, and the FCIC does not target product 
development. Instead, the consortium is developing tools and knowledge that enable decision-making by 
industry. These contributions by the consortium include design heuristics for hopper designs, 
recommendations for materials of construction to avoid particularly abrasive constituents in feedstocks, and 
flow diagrams that inform ranges where plugging will happen. The consortium is also publishing distributions 
of material attributes through publicly facing databases. All of these efforts are encouraged to include 
industrial partnerships and engagement to ensure relevance to ultimate adopters. However, the consortium is 
not looking to develop complete software packages, sensors, or other systems that would require user 
interface/user experience work. 

Recommendation 3: More Meaningful and Diverse Industry Engagement. 
BETO strongly concurs with this recommendation. The partnerships to-date on the directed funding 
opportunities (DFOs) have been high-quality collaborations and afforded opportunities for the consortium to 
apply the knowledge generated to-date. A follow-on DFO, as well as other ways of partnering with industrial 
partners, may be worth considering. However, as the review panel notes, there has been minimal industrial 
engagement beyond these DFO projects, and there is limited diversity in which industrial/external entities have 
been partnering. Industrial engagement is one of four key priorities for the consortium in FY22–FY24. The 
consortium will be encouraged to employ some of the strategies recommended by the Review Panel and 
employed by other BETO-funded consortia such as post-project symposia or industrial listening days. The 
consortium also has to prepare dissemination materials beyond peer-reviewed journals, as these have a limited 
audience. 

The reviewers also note that each task should include TEA in their presentations. The TEA and life cycle 
assessment (LCA) are funded to conduct case studies on the various processes being studied in the consortium. 
A key purpose of these case studies is to have the economic and sustainability information required that these 
researchers can make the work more relevant to external audiences. This will remain a priority into the future. 

Ultimate success of the consortium is to disseminate results into industry that can de-risk the processes to the 
point that vendors and engineering firms can deliver performance-guaranteed processes and for investors to 
feel sufficiently confident in these processes to invest. 
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FOREST CONCEPTS DFO 
Forest Concepts 

PROJECT DESCRIPTION 
Forest Concepts has recently developed (with 
significant BETO support) a new biomass 
comminution system—the Crumbler® rotary shear 
with benefits of narrower particle size distribution, 
lower aspect ratio, lower fines, and more tolerance of 
high moisture variations. The rotary shear, however, 
experienced significant wear in processing dirty 
feedstocks (e.g., logging and agricultural residues and 
MSW). This DFO project—a cooperative research and development agreement among Oak Ridge National 
Laboratory, Argonne National Laboratory, and Forest Concepts—is to gain mechanistic insights for the wear 
issues of critical components, develop cost-effective wear-resistant tool materials, and improve tool designs. 
The goal is to advance the state-of-the-art biomass size reduction process by improving tool life and 
throughput as well as reducing downtime and power consumption. As of today, the team has learned from 
Forest Concepts for the baseline tool design and materials of the rotary shear, gained fundamental 
understanding of the wear mechanisms, and constructed finite element analysis models to help understand the 
cutter-feedstock interface. We currently are developing abrasive wear models, evaluating candidate wear-
resistant alloys and coatings, and optimizing tool designs. In the second half of the project, the team plans to 
fabricate prototypes of critical components using improved design and/or advanced materials, test the 
prototypes on an actual rotary shear with various feedstocks to demonstrate improved tool life and cutting 
efficiency, and conduct TEA.  

 

  

WBS: 1.2.2.7101 
1.2.2.7102 

Presenter(s): Jun Qu; Tim Theiss 
Project Start Date: 10/01/2019 
Planned Project End Date: 07/31/2021 
Total DOE Funding: $1,200,000 
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Photo courtesy of Forest Concepts 

  

COMMENTS 
• Prescreening of woodchips to remove dirt and abrasive material is common practice within pulp and 

paper. It would be interesting to know how efficient these screens are for preserving conventional 
chipping tool life and how their capital expenditures (CapEx) and operating expenditures (OpEx) 
compare with the wear solutions identified within this project. 

• Project had a clear goal to improve the performance of their equipment to make it commercially 
attractive. Current limitations in operating hours and maintenance make the Crumbler (at 200 hours of 
operating time) impractical to consider. However, the machine has shown advantages in feedstock 
quality (lower variability) in other studies, making it worth the effort to modify and improve. This 
project involves the OEM directly, which allows project recommendations and insights to be driven right 
to the product in question. The project is a great extension of another FCIC task and requires utilizing the 
modeling efforts done on that project and expanding on those results. This is an efficient use of FCIC 
funding to build on top of projects to provide more value to each dollar spent. The project is making real 
and significant advancement in resolving the technical challenges of the project. Continued effort is 
needed to advance to a long-term validation test on multiple feedstock types. Extrinsic mineral types in 
other feedstocks need to be studied to be sure that the new material choices do not limit the Crumbler to 
wood feedstock only. It isn’t clear whether moisture content or temperature were factors in developing 
the model. Many producers of in-field chips provide them at a 2” spec, which is lower than the top end 
of the sizing spec described by the project (20x20x50mm). Project had a great comparison of risks when 
describing the difference between coating thickness risk on this project versus the knife mill. This is a 
great example of not only knowing the existence of a risk but the first principles behind that risk as well. 
Validation testing is expected next year, which is obviously critical to the overall progress and impact of 
the project. 

• The Forest Concepts DFO identifies a clear goal of improving the number of operating hours for the 
Crumbler rotary shear mill, particularly in dirty systems. The team identifies the mechanisms of wear, 
proposes solutions, and demonstrated improved wear life. This project has a well-designed project 
approach and good execution. The results are summarized in terms of reduced wear and economic 
benefit to bring focus on the potential impact. 

• The management approach doesn’t appear to assign responsibilities to groups or individuals as concisely 
as the other presentations. The metrics shown in the project’s approach mesh well with real-life industry 
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experience and could be useful to stakeholders when measured. The details shown in the progress and 
outcome section of the project’s presentation are exemplary and clearly identify wear resistance issues 
experienced by scaled-up biomass facilities currently operating. It’s not clear to the reader if the new 
design of the clearing plate (the less sharp S-shape) has been implemented and tested. This was 
addressed during the Q&A following the presentation. Many of my comments noted in the Task 1 
review could be mirrored here. This is an exciting approach to a real-world issue that could transfer to 
industry in the near term in a cost-effective manner. This is an exciting project and could serve industry 
and stakeholders well. This is one of the most exciting projects in this year’s Peer Review. Well done 
and kudos. 

• This project is a good application of the experimental work done in FCIC Task 1. The project made good 
use of finite element analysis and experimental work to improve the design of the cutter heads and study 
wear on a variety of wood types. The improvement in tool life demonstrates the economic advantage of 
the wear resistant coatings. It was not clear how the project was evaluating the impact of dirty wood 
chips (versus clean feedstock) on knife life as stated in the current limitations section of the project 
overview. One approach could be to compare precleaned feedstock with dirty chips to determine the 
impact on the economics as well as knife life. Forest Concepts being actively engaged in the project is 
key to project management. 

PI RESPONSE TO REVIEWER COMMENTS 
• We truly appreciate the overall positive and encouraging feedback from the reviewers. Critical 

comments are answered here.  

• Reviewer 1: (1a) Q: It was not clear how the project was evaluating the impact of “dirty” wood chips 
(versus clean feedstock) on knife life as stated in the “Current Limitations” of the Project Overview. One 
approach could be to compare “precleaned” feedstock with “dirty chips” to determine the impact on the 
economics as well as knife life. A: We fully agree and have planned to run Crumbler tests on both 
“precleaned” and “dirty” woodchips to benchmark prototypes of cutters made of candidate alloys and 
coatings against the baseline cutters.  

• Reviewer 2: (2a) Q: Continued effort is needed to advance to a long-term validation test on multiple 
feedstock types. A: We fully agree and would like to propose systematic long term (1,000+) validation 
tests using a variety of feedstocks in the follow-on project. (2b) Q: Extrinsic mineral types in other 
feedstocks need to be studied to be sure that the new material choices do not limit the Crumbler to wood 
feedstock only. A: The work scope of this project is focused on wood feedstock. We would like to 
propose to study the extrinsic minerals of other types of feedstocks including MSW in a follow-on 
project. (2c) Q: It isn’t clear whether moisture content or temperature were factors in developing the 
model. A: The moisture content and temperature significantly affect the feedstock mechanical properties. 
Woodchips of different moisture contents are already being studied in the finite element analysis and 
temperature effect will be incorporated too. In terms of the abrasion model, moisture would affect the 
hardness and elastic modulus of the wood chips.  

• Reviewer 3: (3a) Q: The management approach doesn’t appear to assign responsibilities to groups or 
individuals as concisely as the other presentations. A: Oak Ridge National Laboratory leads efforts in 
tribosystem analysis including finite element analysis, mitigation development, bench tribo-testing, and 
materials characterization; Argonne National Laboratory is responsible for wear modeling and involved 
in mitigation development; and Forest Concepts provides the baseline design and worn components, 
participates in mitigation development, and fabricates and tests prototype components. (3b) Q: It’s not 
clear to the reader if the new design of the clearing plate (the less sharp S-shape) has been implemented 
and tested. A: The new design is still being optimized.  

• Reviewer 4: No critical comment.  
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• Reviewer 5: (5a) Q: Prescreening of woodchips to remove dirt and abrasive material is common practice 
within pulp and paper. It would be interesting to know how efficient these screens are for preserving 
conventional chipping tool life and how their CapEx and OpEx compare with the wear solutions 
identified within this project. A: We appreciate the suggestion and will run Crumbler tests using 
woodchips of as-received and prescreened to compare the CapEx and OpEx with the tool material and 
design solutions developed in this project. 
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MOISTURE MANAGEMENT AND OPTIMIZATION IN MUNICIPAL SOLID 
WASTE FEEDSTOCK THROUGH MECHANICAL PROCESSING 
Fulcrum 

PROJECT DESCRIPTION 
Fulcrum BioEnergy (Fulcrum) developed an 
innovative and efficient process to convert municipal 
solid waste (MSW) into renewable transportation 
fuels. The higher moisture content and high 
processing cost of MSW present unique challenges. 
High moisture content in the MSW results in a 
reduced volume of syngas produced in the 
gasification system as energy is required to vaporize 
the additional water. Conventional drying systems, such as rotary dryers, require high temperature, which can 
result in material degradation, excess volatile organic compound emissions, and potential combustion issues. 
 
In this project, INL and Fulcrum work collaboratively to assess the feasibility of densifying MSW using 
advanced preprocessing technologies developed by INL. The successful completion of the project relies on 
achieving pellet quality targets at 40% lower cost with the integrated demonstration of fractional milling, high-
moisture pelleting process, and low-temperature drying. During the first year, the team successfully tested the 
high-moisture pelleting process and discovered that the produced MSW pellets met the density and durability 
targets of 480 kg/m3 and >95%. MSW pelleted at 24% moisture content using the high-moisture pelleting 
process costs about 45.93% less to produce, whereas at 30% moisture content, it is about 39.65% less than the 
conventional pelleting process. Greenhouse gas emissions are about 45.76% less for the high-moisture 
pelleting process as compared to conventional pelleting. The team expects more cost savings when fractional 
milling is tested this year. 

  

WBS: 1.2.2.7301 
Presenter(s): Jaya Tumuluru;  

Mujinga Mwamufiya 
Project Start Date: 10/01/2019 
Planned Project End Date: 09/30/2021 
Total DOE Funding: $1,018,000 
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Photo courtesy of Fulcrum 

  

COMMENTS 
• The idea of pelleting a ground feedstock for increased bulk density into a conversion technology appears 

to be very specific to one process reactor. It is not obvious that MSW facilities would take on the 
responsibility for grinding and pelletizing the waste to realize any potential cost savings from that capital 
expense or whether there are numerous cases for realizing the cost savings of being above a certain mile 
radius from the MSW sorting site. The breakeven price for pelletizing versus trucking distance was not 
made clear. A study of the savings and physical characteristics of wood in this same process would be an 
interesting comparison for its impact to the wood pellet market as well. Overall, the project has done 
what it set out to do and has provided clear results from their work. A 13% moisture content sample was 
used for the ¼” screen, whereas other samples were nearly twice as high. The reason for this change and 
the impact of it on the testing results were not explained. Testing results shown had no material impact to 
durability from any setup. It isn’t clear if the project understands the mechanism for impacting durability 
based on the experiments shown. It can be of benefit to demonstrate the ability to produce a product that 
does not meet the specifications required. This adds evidence that in-process drying from hammermills, 
pellet mills, etc., can be relied upon instead of conventional drying than a study on the performance of 
pelleting. Design without a dryer is of course, risky, if other equipment cannot dry the feedstock to the 
correct moisture. I’m not sure I’ve seen enough long-term test results to demonstrate that this equipment 
can be relied upon without external humidity controls or other equipment. 

• The MSW feedstock processing DFO is a foray into a well-known constraint in the biofuels space of 
transporting disperse and low-density materials economically. The task approach is solid, the 
presentation gives well described results, and the interpreted in economic terms. The ballpark 40% 
reduction in pelleting/drying and the 50% reduction in transportation costs are significant. Does the 
result address a single decision for Fulcrum or can the results be leveraged more fully in the industry? 

• The project team is commended for its strong, innovative project with clearly defined success metrics 
and achievements. 

• The TEA/LCA of high-moisture pelleting versus conventional pelleting clearly demonstrates the 
advantage of the high-moisture route both for cost and energy usage. Using the high-moisture pathway 



2021 PROJECT PEER REVIEW 

 

795 FEEDSTOCK-CONVERSION INTERFACE CONSORTIUM 

advances the state of technology of pelletizing for MSW. Although the transportation costs of compacted 
MSW versus high-moisture pellets shows clear advantage to the high-moisture pellets as distance 
increases, it is unclear as to whether transportation will be a significant factor in the Fulcrum business 
model. If the biorefinery is located close to the MSW processing plant, transportation may not offset the 
cost of pelletizing. Reliability and time-on-stream for the pelletizer using MSW should also be a critical 
parameter for determining the economics of the process. In order to understand the TEA and reliability 
benefits of high moisture pelleting, a TEA comparison is needed for Fulcrum’s current method of 
preprocessing. 

• The use of open-source modeling tools is a positive attribute of this project. The project presentation 
doesn’t mention what the market-ready products are as a result of the production of homogenous 
intermediates. As near as I can tell, the project’s presentation doesn’t follow the Management, Approach, 
Impact, and Progress and Outcomes format of the other presentations. The technical details of the project 
seems to be lacking from a technical perspective, leaving the reader wanting more. The project’s 
presentation clearly identifies collaboration with industry but needs more details related to those 
prospective opportunities. Again, leaving the reader wanting more. 
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WONDERFUL COMPANY DFO 
The Wonderful Company 

PROJECT DESCRIPTION 
Consistent and reliable preprocessing, conveyance, and 
reactor in-feed systems, particularly for low-cost waste 
feedstocks, remain a major technical challenge for the 
emerging bioeconomy. By identifying critical biomass 
attributes and connecting them to flow and conversion 
behavior, science-driven system designs can address these 
often-overlooked solids handling challenges. The Wonderful 
Company is the world’s largest almond and pistachio 
grower, generating 250,000 dry tons/year of waste material including hulls, shells, and wood (>5 million 
tons/year industry-wide in the United States). This project seeks to turn this environmental and economic 
liability into a sustainable and profitable resource, targeting conversion via gasification to syngas for electricity 
and biochar, by addressing related material handling and feeding challenges. Based on optimized 
preprocessing strategies, bulk material flow, and thermal conversion properties, an overall system design will 
be developed. The methodology will be tested with FCIC’s benchmark loblolly pine residues to demonstrate 
the robustness of the overall approach and provide insight and guidance for future systems. The project will 
culminate in extended field trials to demonstrate an improved continuous feeding system with a commercial 
biomass-to-electricity gasifier vendor, and an economic analysis demonstrating a reduction in electricity 
production costs by maximizing on-stream time while minimizing preprocessing and CapEx costs. 

  

WBS: 1.2.2.7501 
1.2.2.7502 

Presenter(s): Daniel Carpenter 
Project Start Date: 01/01/2019 
Planned Project End Date: 12/31/2020 
Total DOE Funding: $840,000 
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Photo courtesy of The Wonderful Company  

COMMENTS 
• It is not clear in the background section of the project presentation if there is a specific market target that 

is able to economically receive the biochar (e.g., pyrolysis oil or fertilizer). It is not clear in the 
management section of the presentation where The Wonderful Company is managing or collaborating on 
the project. The project presentation’s approach section has a direct correlation to commercial uses with 
economic benefits. The graph of operational downtime in the impact section of the project presentation is 
particularly interesting, but it doesn’t cite the data source. The project’s approach to modeled costs and 
the pelletization of fines is of particular interest. Section 4 of the project presentation’s progress and 
outcomes is particularly detailed from an economic perspective. The projects presentation doesn’t cite 
the success or failure of the B-Grid gasifier skid, although it seems particularly interesting. 

• Particular shells are a low-volume (250,000 tons per year = 1 to 2 plants max), regionally specific, 
dispersed, high ash feedstock. The motivation for this project must be a waste removal rather than the 
benefit of a gasification system. However, the social or monetary cost of shell disposal is not made clear. 
The tornado diagram has numerous assumptions that appeared very dubious—from the capital cost 
potential savings, to the number of employees, to the price of biochar. The values of these figures did not 
seem to have a sufficient or reasonable basis. The biggest driver of the TEA is personnel, and the 
reviewer does not know how 0.25 people is possible for a realistic figure. The price of biochar at 4x 
fertilizer is unfathomable. Uncertainty levels are very high even for an initial design. The process and 
business strategy of this technology was not made clear. The project participants do not appear to know 
what the future version of their gasifier should look like or even if it should remain “mobile and 
distributed” or else a small demonstration-scale facility. The Aspen model for this process was made 
after the process was built and operated. This is a major red flag that this process was not properly vetted 
or managed prior to this project. It isn’t clear whether there is any innovation in the Jenike & Johanson 
feed system or whether there needed to be any innovative design work for this project. What is clear is 
that the Jenike & Johanson feed system presented does not meet the objective of a distributed 
gasification system. Based on the objectives, the reviewer was anticipating a new feed hopper that could 
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remove overs or other unwanted materials in an integrated design. Minimal insights in this project to 
date—fines removal, classification, etc.—are essentially methods of getting the feedstock stream to meet 
a given gasifier spec that includes items such as fines percentage, mineral content, and an 
ultimate/proximate analysis requirement. Management of the project required wrangling the needs of a 
client with a specific problem, national labs, and a technology provider. The process has divided tasks up 
reasonably for managing the project. Validation testing does not have a long schedule and it isn’t clear if 
there are units available for testing. The process appears to not know whether it will be utilizing a co-
mingled stream or separate streams at different facilities. However, each design seems to require 
separations equipment, which begs the question of why would you not co-mingle everything and have 
one set of upstream separations equipment? The client is not willing to put the biochar on its own fields. 
This is as clear of a statement as anyone can make on the risks of producing biochar and trying to sell it. 

• Risk mitigation strategies are needed to assess project management. Considerable amount of project 
work remains to be completed by the August 2021 end date. Agricultural residues will likely play a role 
in the large consumption of biomass anticipated for the bioeconomy, so the project concept is 
appreciated. However, it is not clear how this project’s feedstock attributes affect preprocessing, 
handling, reactor feeding performance and down-time, or how the knowledge gained can be extended to 
other types of feedstocks. 

• The project has met its initial goals of providing a design package for classification and conveyance of 
pistachio shells to the V-Grid gasifier. The extended run, incorporating the new preprocessing and 
material handling design into the V-Grid gasifier system, is a good approach to determine the 
improvement in operating efficiency. Future work should consider a scale-up strategy using multiple, 
linked V-Grid gasifiers to determine the overall effectiveness. A corresponding TEA is needed. A 
separate TEA should compare the process with and without pelletizing the fines. A business case 
including a marketing and distribution plan for both the biochar and electricity would be beneficial. 
Observation: The tornado diagram is based on a 50-kw V-Grid unit operating at 4,000 lb/hr. To process 
the 250,000 tons/year (assuming 50% shells), an array of 10 or more linked V-Grids may be needed 
depending on the operating assumptions. 

• The Wonderful Company DFO scope addresses some key constraints in biofuels in processing materials 
that are variable, disperse, and low density. Additionally, the project looks at the important question of 
reliable, economic operation of a scaled-down process necessitated by the dispersed feedstock supply. 
The task delivered information quantifying the feedstock quality and variability and a feedstock 
conveyance design. What appears to be the key result and not yet addressed is demonstrating improved 
process performance. During the presentation we learned that making progress on-site is a challenge 
given some limitations put on the team. Perhaps the project team realigns deliverables and timelines to 
ensure the most valuable outcome can be realized.  

PI RESPONSE TO REVIEWER COMMENTS 
• We would like to thank the reviewers for their insights, questions, and suggestions to improve this 

project. Regarding the reviewer’s comment on how feedstock attributes impact the overall process and 
extending this knowledge to other materials: this may not have been clear from the presentation, but we 
have assessed how feedstock attributes impact some aspects of preprocessing (e.g., significant generation 
of fines with milling) and handling/flowability (e.g., clogging of storage silos). To date, we have much 
less information on reactor feeding and downtime, other than limited qualitative performance data shared 
by the gasifier vendor. The tests with V-Grid’s gasifier system are ongoing and we are collecting 
performance data as part of this project, including the impact of feedstock attributes.  

• Thank you for the comments on the project relevance and motivation. The total availability of nut waste 
industry wide is closer to 5 million tons/year, which is already aggregated at a few processing sites. For 
example, The Wonderful Company processes >95% of pistachios grown in the United States, so this 
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supply is very concentrated. While a large motivation for the project is in fact waste removal (i.e., 
avoidance of landfilling material and environmental impacts of its decomposition), the reviewer is 
correct that the social and monetary costs were not made clear in the presentation. The comments 
regarding TEA and assumptions therein are noted. This was not detailed in the presentation due to time 
constraints and business sensitivity, but some clarifications are warranted. The purpose of the Aspen 
model was to establish a baseline electricity production cost for this gasifier system that could be 
compared to an end-of-project cost, showing a reduction due to improved uptime. For the preliminary 
TEA, several assumptions were made where information from the industry partner was incomplete or 
were otherwise needed for consistency with model requirements. All analysis methods, assumptions, and 
references are documented in project milestone reports, and are consistent with other BETO projects. 
The assumptions used here will be modified and updated as more operational data is collected during the 
extended trials.  

• The assumption that one person can operate four modular units may be optimistic; this is based on a 
strategy where several co-located units can be automated and operated in parallel. In fact, this is the 
configuration being tested at the demonstration site. The overall effectiveness of this approach will be 
evaluated as part of this project.  

• The comment on biochar prices and markets is noted. Understandably, The Wonderful Company has a 
rigorous process for testing or varying agricultural practices. Measuring the impacts of applying biochar 
on orchards would be a long-term proposition and outside the scope of this project. The comment on 
accounting for pelleting costs is also noted; the pelleting operation will be considered separately in the 
analysis. We agree that articulating the business case for electricity and biochar would be a good 
addition to the project outcomes. The potential scale mismatch is also noted and will be considered 
moving forward.  

• Data for the cost versus operational downtime on Slide 9 was derived from the analysis in: “Process 
Design and Economics for the Conversion of Lignocellulosic Biomass to Hydrocarbons via Indirect 
Liquefaction: Thermochemical Research Pathway to High-Octane Gasoline Blendstock Through 
Methanol/Dimethyl Ether Intermediates” (https://www.nrel.gov/docs/fy15osti/62402.pdf). Regarding the 
technology choice and timing of the Aspen model development, there may have been some confusion on 
structure of the project. The reviewer is correct that the partner (The Wonderful Company) has not yet 
decided on a third-party technology or scale to convert their waste. Of the many factors under 
consideration, finding a reliable system (>85% uptime) to reduce waste, while generating profitable 
electricity (with renewable energy credits) and biochar sales, will be key. Depending on the situation, 
capital and operating costs, locations, demonstrated reliability etc., this could be several small units 
operated in parallel or a few larger units.  

• The comment regarding The Wonderful Company’s role is noted; this may not have been made clear in 
the presentation. The Wonderful Company’s role in this project is in providing financial support, 
strategic direction, information around the logistics of their process and potential conversion routes, and 
supplying the feedstock.  

• The comment on innovation in the project is noted. The reviewer is correct in the sense that because the 
pistachio waste feed requires minimal processing for this application to meet the original project goals, 
the Jenike & Johanson design is based on their standard design practices. Distribution of feed material to 
the individual gasifiers was considered out of scope here because during the project V-Grid had 
concurrently developed and tested a prototype system for this purpose. We feel that the potential to 
pelletize fine material, followed by testing in a relevant setting, represents an innovation for the project. 

https://www.nrel.gov/docs/fy15osti/62402.pdf
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SMART TRANSFER CHUTES WITH IN-LINE ACOUSTIC SENSORS FOR 
BULK-SOLIDS HANDLING SOLUTIONS 
Jenike & Johanson 

PROJECT DESCRIPTION 
The long-term global challenge is increasing the 
operational reliability (or time on-stream) of 
integrated biorefineries. Currently the average 
operational reliability is around 30%. Our project is 
narrowly focused and directly aligns with the goals of 
the FCIC, and the challenges identified in the 
Advanced Development and Optimization and 
Biorefinery Optimization Workshops. Los Alamos 
National Laboratory, a world leader in acoustic sensors, is partnered with Jenike & Johanson (the world leader 
in bulk solids handling solutions) to develop three innovative technologies to improve the operational 
reliability of integrated biorefineries. The three innovative technologies that we are designing, building, and 
demonstrating are: (1) an in-line acoustic sensor for continuous real-time monitoring of feedstock moisture 
content; (2) an in-line acoustic sensor for the real-time continuous monitoring of plug screw feeder wear and 
erosion; and (3) a “smart” chute integrated with our acoustic moisture sensor capable of discarding high 
moisture content. Our team has demonstrated that the moisture content of corn stover can be acoustically 
monitored in both static (non-flowing) and dynamic (flowing) conditions for moisture ranges of 15%–55%. 
The acoustic wear sensor for plug-screw feeders has been demonstrated to quantitatively measure the mass loss 
both in Comsol simulations and through experimental validation. The “smart” chute being developed by Jenike 
& Johanson will be integrated with our acoustic moisture sensor to actively discard high moisture content corn 
stover (>40%) that is known to cause bulk-solids handling issues. 

  

  

WBS: 1.2.2.7601 
Presenter(s): Troy Semelsberger;  

Sheila Van Cuyk 
Project Start Date: 04/01/2019 
Planned Project End Date: 03/30/2021 
Total DOE Funding: $1,744,935 
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Photo courtesy of Jenike & Johanson 

  

COMMENTS 
• A more thorough discussion on the risks and mitigation strategies for sensor development, scale-up, and 

implementation is necessary to assess project management and likelihood of commercial success. The 
stated project goal is to “increase the overall integrated biorefinery operational reliability beyond 40%–
50% time on-stream ... to 68%.” An explanation of the basis for the current integrated biorefinery 
operational reliability of 40%–50% and how downtime is related to moisture variance and plug-screw 
feeder wear would be helpful for assessing project impact. It’s not clear how the smart chute through 
moisture sensing control decreases maintenance downtime and costs. 

• The acoustic measurement device will have to be validated in several different noisy environments to 
ensure that it can be effectively calibrated in the field against different background noises. The acoustic 
technology appears to rely on a consistent bulk density of the feedstock. If so, this technology would 
have to be used downstream of several units of operation where the feed becomes more homogeneous. 
The low end of 15% moisture is insufficient for many processes. It is not clear whether that was a 
limitation of the project scope or the technology. Validation of the acoustic device in more than one 
environment was acknowledged as critical but it isn’t clear if it is planned at this time. The device may 
require an in-field calibration procedure, which could be complex and may drive costs up considerably. 
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This project appears to lack an in-field validation task for each of the technologies it is developing. 
Testing appears to be limited to in the lab, which generally cannot recreate all of the variables seen in an 
actual facility. However, the reviewer recognizes that there aren’t an abundance of facilities available to 
test new equipment. Additional validation work is needed on the plug screw wear measurement device, 
but that effort is planned for future periods. The progress made to date is impressive and will provide 
valuable operational guidance to industry as well as researchers working to improve the performance of 
this device. The project is developing three different tools for industry, two of which work hand in hand. 
The smart chute/acoustic sensor could be a valuable process improvement for not only corn stover for 
which it’s currently designed but other processes as well. Industry generally monitors moisture by 
feedstock sampling and misses slugs of high-moisture feedstock which can affect downstream processes. 
The ability to at least detect these high-moisture slugs could be valuable process information to have at a 
facility. While none of the technologies would make or break a facility, the each add to the ability of a 
plant to control and monitor performance. However, for facilities looking to control capital costs, these 
all appear to be “nice to have” rather than “need to have” items. The project should have shown more 
validation evidence that the acoustic filtering can differentiate the impact of one property versus another 
by modulating the wavelength. A simple validation study of a single feedstock at the same moisture 
content but different bulk densities should appear the same to the acoustic sensor. The reviewer would 
like to see evidence that this is true. 

• The smart chutes and acoustic sensor DFO project combines a novel sensor approach targeting a clear 
need for biomaterials in addressing quality variability. The acoustic sensors appear to be an underutilized 
technology and well applied in this application. The smart chute has the potential to be an enabling piece 
in managing feedstock variability. However, as was discussed during the presentation, the impact on a 
continuous process by the interrupting the feed stream needs to be addressed in order to evaluate the 
utility. 

• The use of acoustic sensors and a “smart chute” is particularly innovative. The management section of 
the project’s presentation is particularly detailed and cites specific timing(s) in the communication 
strategy. The progress and outcomes section of the project’s presentation details the cost of the various 
technologies used to measure moisture content in corn stover AND the cost is reasonable. The wall 
friction comments related to the smart chute design leaves the reader wanting a little more. For instance, 
what materials are best suitable (and commercially available) to minimize wall friction. The off-the-shelf 
capital costs of the wear sensor for plug-screw feeder augers is definitely transferable to industry today. 
This makes this particular project very exciting. The approach to measuring wear in plug-screw feeder 
augers is very interesting and innovative and could likely be accomplished using commercially available 
acoustic technologies. Collaborating with Jenike & Johanson on this project lends the approach merit. 
Overall, I am super excited about this project as it can benefit industry directly and in the near term. 
Commercialization could come quickly. Kudos! 

• The use of acoustical sensing to measure plug screw wear gives a biorefinery the potential to do 
predictive maintenance without having to shut down for mechanical inspection. This innovation will 
improve the run time of an integrated biorefinery. The moisture sensor and smart chute are valuable 
innovations as demonstrated on corn stover. The technology will need to be demonstrated on additional 
feedstocks, especially woody biomass and MSW, to see significant adoption by biorefineries. It was not 
clear how the team is determining an improvement in operational reliability from 40%–50% to 68% as 
stated in the quad chart. The economics of the smart chute should also consider the costs associated with 
collecting off-spec material, re-processing it to the proper moisture, and reintroducing the material into 
the process. 

PI RESPONSE TO REVIEWER COMMENTS 
• Question: The acoustic measurement device will have to be validated in several different noisy 

environments to ensure that it can be effectively calibrated in the field against different background 
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noises. Response: We totally agree with the reviewer’s comments. While we performed one test (at 
Jenike & Johanson) and determined different noises that might be present in an industrial setting, 
additional measurements need to be performed.  

• Question: The acoustic technology appears to rely on a consistent bulk density of the feedstock. If so, 
this technology would have to be used downstream of several units of operation where the feed becomes 
more homogeneous. The low end of 15% moisture is insufficient for many processes. Response: We 
agree with the reviewer’s statement that many processes other than corn stover will require moisture 
measurements lower than 15%. We are in talks with industries that require the lower moisture 
measurements.  

• Question: For this project the target moisture range was 15%–55%, where 30%–40% moisture was given 
to us as the problematic region for continuous bulk flow operation. It is not clear whether that was a 
limitation of the project scope or the technology. Validation of the acoustic device in more than one 
environment was acknowledged as critical but it isn’t clear if it is planned at this time. Response: 
Validation of the acoustic device in more than one environment is definitely required. Validating our 
technology in multiple environments is outside the project scope; however, we expect to continue the 
maturation and refinement of this technology. Our goal is to install our technology at the National 
Renewable Energy Laboratory (NREL) and INL to continue to gather industrially relevant data on both 
of our technologies.  

• Question: The device may require an in-field calibration procedure which could be complex and may 
drive costs up considerably. Response: The in-field calibration is, indeed, a procedure that can be 
somewhat complex. If the project moves toward the development of a prototype, we can plan for 
adaptation of the acoustics sensor to industrial settings and, more specifically, to a simplified calibration 
procedure.  

• Question: This project appears to lack an in-field validation task for each of the technologies it is 
developing. Response: Typically, the in-field validation phase of technology development occurs after 
the proof-of-concept phase, which is what this project focused on. We hope to continue developing this 
technology with a strong in-field validation phase up at NREL and INL.  

• Question: Testing appears to be limited to in the lab which generally cannot recreate all of the variables 
seen in an actual facility. Response: The reviewer is 100% correct. The lab cannot recreate the true 
industrial setting where our technologies will be installed; in fact, all facilities will be different. 
Continuing our technology development in relevant settings such as INL and NREL will provide a 
wealth of information that will further push our technology up in technology readiness level.    

• Question: The project should have shown more validation evidence that the acoustic filtering can 
differentiate the impact of one property vs. another by modulating the wavelength. Response: The 
applications of the acoustic technology can be exploited to quantify the impacts of rocks, particle size, 
feedstock blends, and even flow rate. The sensitivity to these properties will need to be quantified as we 
progress through the TRL levels.   

• Question: A simple validation study of a single feedstock at the same moisture content but different bulk 
densities should appear the same to the acoustic sensor. The reviewer would like to see evidence that this 
is true. Response: This is a great point that is encountered with the commercially available microwave 
moisture sensors. These tests are important and will be performed before the project ends.  

• Question: The use of acoustical sensing to measure plug screw wear gives a biorefinery the potential to 
do predictive maintenance without having to shut down for mechanical inspection. This innovation will 
improve the run time of an integrated biorefinery. The moisture sensor and smart chute are valuable 
innovations as demonstrated on corn stover. The technology will need to be demonstrated on additional 
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feedstocks, especially woody biomass and MSW, to see significant adoption by biorefineries. Response: 
We agree with the reviewers that our technology is directly applicable to other feedstocks (woody 
biomass and MSW) and we would love the opportunity to extend our technology to fully explore other 
relevant feedstocks.  

• Question: It was not clear how the team is determining an improvement in operational reliability from 
40%–50% to 68% as stated in the quad chart. Response: Our estimates were back-of-the-envelope 
calculations based on the frequency of upsets related to moisture content. The true percentage 
improvement will only be quantified in the field over many months of operation.  

• Question: The economics of the smart chute should also consider the costs associated with collecting off-
spec material, re-processing it to the proper moisture, and reintroducing the material into the process. 
Response: Yes, this will need to be performed by the FCIC Task 8 team.  

• Question: The Smart chutes and acoustic sensor DFO project combines a novel sensor approach 
targeting a clear need for biomaterials in addressing quality variability. The acoustic sensors appear to be 
an underutilized technology and well applied in this application. The smart chute has the potential to be 
an enabling piece in managing feedstock variability. However, as was discussed during the presentation, 
the impact on a continuous process by the interrupting the feed stream needs to be addressed in order to 
evaluate the utility. Response: Interruptions in the feed stream by diverting the problematic material will 
likely be augmented with a surge bin that results in an overall continuous process with minimal or no 
changes in feed rates.  

• Question: A more thorough discussion on the risks and mitigation strategies for sensor development, 
scale-up, and implementation is necessary to assess Project Management and likelihood of commercial 
success. The stated project goal is to “increase the overall IBR operational reliability beyond 40%–50% 
time on-stream ... to 68%.” An explanation of the basis for the current IBR operational reliability of 
40%–50% and how downtime is related to moisture variance and plug-screw feeder wear would be 
helpful for assessing project impact. Response: Estimations were provided by INL and NREL based on 
their decades of experience with their process development units.  

• Question: It’s not clear how the smart chute through moisture sensing control decreases maintenance 
downtime and costs. Response: The premise is that material with high moisture contents (30%–40%) are 
responsible for many of the process upsets (i.e., blockages and clogs) that result in process shutdowns. 
Controlling the incoming feedstock by diverting the high moisture content from the processing train 
eliminates the likelihood of an unplanned plant shutdown. 
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TASK 1—MATERIALS OF CONSTRUCTION 
FCIC 

PROJECT DESCRIPTION 
FCIC’s Task 1 Materials of Construction uses 
integrated efforts of characterization, modeling, and 
testing to gain fundamental understanding of the wear 
mechanisms of biomass preprocessing equipment, 
develop analytical models to predict wear and 
establish material property specifications, and 
identify candidate mitigations via both feedstock 
modifications to reduce abrasiveness and more wear-resistant tools. The knowledge and tools developed in this 
task will enable rapid mitigation selection for sustainable performance and product quality during biomass 
preprocessing. Currently, the team has gained fundamental understanding of the wear mechanisms of both 
hammer mill and knife mill, developed protocols for extraction and characterization of extrinsic and intrinsic 
inorganics, constructed an analytical erosion model for predicting wear of hammer mill, and identified low-
cost feedstock modifications. We are evaluating candidate tool coatings and surface treatments using bench-
scale abrasion and erosion tests, and developing an analytical abrasive wear model to predict the impact of 
feedstock and tool material properties on knife mill durability and performance. In the rest of FY2021, the 
team plans to fabricate prototypes of prototype knives using top candidate materials, conduct small knife mill 
testing to demonstrate improved tool life, and deliver a TEA.  

  

  

WBS: Task 1 
Presenter(s): Jun Qu; Tim Theiss 
Project Start Date: 02/01/2019 
Planned Project End Date: 09/30/2021 
Total DOE Funding: $1,536,000 
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Photo courtesy of FCIC 

  

COMMENTS 
• Task 1 applies deep understanding of the mechanisms of wear and an impressive, complementary pairing 

of fundamentals and experimental results. The presentation clearly explained the rationale applied and 
then followed with the benefit of the understanding. I appreciated the results being translated into clear 
estimate of economic benefit. Perhaps the challenge to the team is commercializing these developments 
into existing applications in the near term. 

• The expected levels of extrinsic ash in feedstocks by area or species would be a helpful guide to 
biorefineries because the total ash can be at least partially controlled either through collection 
methodologies or air classification in the plant. This type of work can be used to help biorefineries 
produce better feedstock specifications, processes, and sampling methodologies. Lessons from hammer 
mill work are being translated to the knife mill. Good to see that effort was not done in parallel and that 
work on the knife mill only started when the hammer mill effort had been validated. Project is 
communicating with and coordinating work with both other national labs and industry. It would be good 
to understand whether the effort from this work is planned to result in new offerings from the OEMs. 
The presentation did not adequately demonstrate the overall impact of the work on the TEA. It is 
believable that the improvements could result in real dollars on the OpEx side of an analysis through 
increased uptime and better knowledge of spares; however, this is inferred rather than demonstrated in 
the presentation. Currently the work appears to be limited to the upstream milling equipment. However, 
wear should also be reviewed in softer materials such as seals, belts, and other equipment. This could be 
addressed in a larger roadmap. Project provided a good description of the past and future validation work 
on this project. It appears that the approach taken on this project is yielding actionable results. 
Methodology for development of the cost basis for air classification (0.84) would have been appreciated. 
Similar work can and should be planned for other feedstocks beyond wood. A preventative maintenance 
prediction tool would be a very beneficial project for start-up and smaller companies that do not have 
access to that kind of information. During the Peer Review presentations, this project team learned about 
some work on silica that a different project discovered (feedstock variability group). This shows that the 
data from that group are not being properly disseminated as planned. FCIC should investigate how this 
particular piece of knowledge slipped through the cracks. 

• The focus transition from a hammer mill to a knife mill is likely a positive course change for the project. 
The management approach for this project is less detailed (or takes a different approach) than that of 
other project presentations in that it does not define responsibility of subtasks. Noting collaboration of 
this task with FCIC’s Tasks 1, 2, 5, and 8 is a strong attribute of this project. The project has identified 
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that extrinsic inorganics cause more wear than intrinsic inorganics. The progress and outcomes section of 
the project presentation is very detailed. The Crumbler approach is both exciting and novel. Identifying 
extrinsic (vs. intrinsic) materials as a predominant cause of cutter wear is super interesting. The 
identification of best practices for use of certain tool steels for thin and thick cutters is innovative. The 
details presented in the presentation that surround this approach lend merit to the project and its goals. 
This task, along with the Forest Concepts DFO, is in my opinion an effective approach to the 
transference of technology to industry. This and the Forest Concepts DFO presentation were some of the 
most interesting presentations/projects because of this feature. 

• There are several biorefinery unit operations whose processing equipment experiences materials of 
construction related corrosion, wear, and failure beyond milling including reaction vessels, plug screw 
feeders, and pulp disc refiners. An explanation for why this task chose to focus on milling wear only 
would be beneficial, particularly in terms of estimated impact to biorefinery downtime and operations 
and capital costs. To determine impact, more discussion is necessary on the industrial relevance of the 
hammermill and knife mill and the typical lifetime of wear parts for biomass processing, replacement 
costs, downtime to change parts, and impact of wear on particle size uniformity. The performance 
metrics and success factors for this task are not clear. 

• This task has done an excellent job of experimentally identifying knife materials and coatings to reduce 
wear and increase knife life. The task characterized CMAs for pine residue and correlated to a lab-scale 
impact test (hammer mill), but did not show the impact of material variability on knife wear. The team 
identified and effectively described two wear mechanisms—erosive and abrasive—adding to the body of 
knowledge for wear in both knife and hammer mills. A predictive wear model incorporating the two 
mechanisms is needed to advance the state of technology. Although the overall FCIC objective (slide 2) 
states the purpose of this task is to develop tools that specify materials that do not “corrode, wear, or 
break at unacceptable rates,” this task focused only on milling knife or hammer wear. Slide 20 as well as 
the milestone table in the additional slide section is an excellent way to cover progress and timing in 
project management.  

PI RESPONSE TO REVIEWER COMMENTS 
• We truly appreciate the overall positive and encouraging feedback from the reviewers. Critical 

comments are answered here.  

• Reviewer 1: (1a) Q: It would be good to understand whether the effort from this work is planned to result 
in new offerings from the OEMs. A: Yes. We are indeed communicating with OEMs to plan future 
work. (1b) Q: The presentation did not adequately demonstrate the overall impact of the work on the 
TEA. It is believable that the improvements could result in real dollars on the OpEx side of an analysis 
through increased uptime and better knowledge of spares; however, this is inferred rather than 
demonstrated in the presentation. A: More comprehensive TEA is scheduled to be conducted jointly with 
FCIC Task 8 in Q4 of FY22. (1c) Q: Currently the work appears to be limited to the upstream milling 
equipment. However, wear should also be reviewed in softer materials such as seals, belts, and other 
equipment. This could be addressed in a larger roadmap. A: Fully agreed and will add the wear issues of 
seals, belts, and other equipment into the work scope in the next phase. (1d) Q: During the Peer Review 
presentations, this project team learned about some work on silica that a different project discovered 
(feedstock variability group). This shows that the data from that group are not being properly 
disseminated as planned. FCIC should investigate how this particular piece of knowledge slipped 
through the cracks. A: Sorry for the confusion. We were aware of the Task 2’s interesting observation 
that bale degradation may lead to translocation/migration of the intrinsic silica within corn stover tissue, 
but have not studied its specific impact on the tool wear yet. This could fit in the work scope in next 
phase.  
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• Reviewer 2: (2a) Q: Perhaps the challenge to the team is commercializing these developments into 
existing applications in the near term. A: We have started communicating with OEMs for technology 
implementation.  

• Reviewer 3: (3a) Q: The management approach for this project is less detailed (or takes a different 
approach) than that of other project presentations in that it does not define responsibility of subtasks. A: 
Subtask 1.1 conducts tribosystem analysis and develops wear mitigations, while Subtask 1.3 develops 
predictive wear models.  

• Reviewer 4: (4a) Q: There are several biorefinery unit operations whose processing equipment 
experiences materials of construction related corrosion, wear, and failure beyond milling including 
reaction vessels, plug screw feeders, and pulp disc refiners. An explanation for why this task chose to 
focus on milling wear only would be beneficial, particularly in terms of estimated impact to biorefinery 
downtime and operations and capital costs. A: We fully agree that many units in biomass preprocessing 
experience wear issues and need to be addressed. We chose to study the milling wear as a starting point 
for this program and plan to expand the work scope to address the wear issues in other biorefinery units 
in next phase. (4b) Q: To determine impact, more discussion is necessary on the industrial relevance of 
the hammermill and knife mill and the typical lifetime of wear parts for biomass processing, replacement 
costs, downtime to change parts, and impact of wear on particle size uniformity. A: Yes. We plan to 
collaborate with FCIC Task 8 to conduct a comprehensive TEA to determine the impact. (4c) Q: The 
performance metrics and success factors for this task are not clear. A: The performance metrics and 
success factors include tool life extension, throughput increase, and energy savings and the resulted in 
improvement on overall economics by considering replacement costs and downtime.  

• Reviewer 5: (5a) Q: The task characterized CMAs for pine residue and correlated to a lab-scale impact 
test (hammer mill), but did not show the impact of material variability on knife wear. A: We agree and 
are planning to run systematic knife mill tests to determine the impact of material variability on knife 
wear. (5b) Q: Although the overall FCIC objective (slide 2) states the purpose of this task is to develop 
tools that specify materials that do not “corrode, wear, or break at unacceptable rates,” this task focused 
only on milling knife or hammer wear. A: Yes. Many units in biomass preprocessing experience 
excessive material degradation problems and need to be addressed. We chose to study the milling wear 
as a starting point for this program and plan to expand the work scope to address the wear issues in other 
biorefinery units, such as screw feeders, seals, and belts, in next phase. 
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TASK 2—FEEDSTOCK VARIABILITY 
FCIC 

PROJECT DESCRIPTION 
The Feedstock Variability Task has a primary 
objective to develop tools that quantify and 
understand the sources of variability; to inform 
strategies that reduce variability; and identify critical 
material attributes (CMAs) and their impacts in 
collaboration with FCIC teams in Materials Handling, 
Preprocessing, Conversion, and Crosscutting 
Analyses. The biorefining industry has mostly ignored the complexity of lignocellulosic biomass and feedstock 
variability. The industry lacks a fundamental understanding of CMAs and critical quality attributes (CQAs), 
their magnitude, range, and distribution in available resources, and their impact on integrated feeding, 
preprocessing, and conversion. A multi-scale approach is required to understand how molecular and micro-
scale attributes (compositional, structural, and physicochemical) manifest in macro-scale biomass behavior in 
feeding, preprocessing, and conversion operations. Process designers, plant engineers, and investors will 
directly benefit from the fundamental understanding generated by this science. Fundamental knowledge is 
critical to de-risking the biorefining industry and overcoming biorefinery failures caused by unknown and 
uncontrolled feedstock variability from the field through final products.  
 
A multi-scale approach enables a fundamental understanding of how the structural and physicochemical 
attributes of cell wall composition and architecture underpin flow behavior, mechanical and thermochemical 
deconstruction in the conversion of biomass to products. We are organized into five key activities: (1) 
variability, transport, and synergistic impacts of inorganic species; (2) quantify and understand variability of 
molecular-scale organic attributes; (3) feedstock variability at the micro-scale; (4) feedstock variability at the 
macro-scale; and (5) data analytics for identifying CMAs of feedstocks.  

  

  

WBS: Task 2 
Presenter(s): Allison Ray; Richard Hess 
Project Start Date: 02/01/2019 
Planned Project End Date: 09/30/2021 
Total DOE Funding: $3,885,000 
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Photo courtesy of FCIC 

  

COMMENTS 
• It isn’t clear whether regional mineral variability in soils has an impact on the variability of feedstock. 

The presentation makes it appear that the team was starting with little or no data on the degradation of 
biomass despite years of work in the field on this very topic. Certainly there had to have been a baseline 
to work off of. It would have been beneficial to understand what information that baseline lacked and 
what gaps this effort meant to fill in. Despite the work being spread across six national labs, the team 
appears to have been able to successfully manage the project and keep progress moving forward. This 
project provides the basis for best practices, but falls short of actually providing those best practices 
itself. Certain insights discussed in the presentation: cover bales for less degradation, leaves degrade 
faster than cobs, did not require any research to confirm. If there were any “ah-ha” moments in this 
work, they were not made clear nor was the future development path to impact biorefineries. Because of 
the nature of its harvesting cycle, a feedstock like corn stover is bound to have variability at the plant 
gate throughout the year. It isn’t clear if FCIC has sufficient information to understand the variability of 
corn stover throughout the aging process. The effort appears to be almost entirely focused on corn stover 
and wood chips. The reason for this choice could have been expanded either in this presentation or at a 
higher level. A best practice for sampling different feedstocks in different storage methods for accurate 
determination of characteristics (round bale, square bale, chipped in trucks, rail cars, etc.) would benefit 
the industry. The program needs to better communicate how an attribute is confirmed to be a critical 
attribute. The idea expressed during the meeting that a single CMA may represent several is a good sign 
that FCIC is working toward a specification that could be usable by industry. Nevertheless, FCIC will 
have to work to translate these new CMAs to industry and gain buy-in beyond what is typically accepted 
(ash, moisture content, fine material). Great to see work on identification of contaminants in bales and its 
potential to translate to pine. Very interesting to hear about understanding of ash to wear and equipment 
design! SiO2 migrating to the outside of a particle during degradation leading to additional wear on 
equipment is a great example of first principles work. FCIC appears to be at the early stages of a long 
process of identifying the root causes of equipment failure from a chemistry and physics standpoint. As 
it is such a large effort, FCIC needs to better develop metrics for tracking progress and define what 
success looks like. Great to see needles/branches being specifically studied. 

• Task 2 delivered an impressive set of examples where an advanced analytical technique was applied to a 
complicated material to deliver an observation demonstrating a physical phenomenon. The team 
presented good project execution and deep technical insights as to the interpretations. What remains to 
be written in this story is the application of these insights to a bioenergy process. It would be nice to see 
interpretations impact the supply chain or manufacturing process and generate the return on investment. 

• The material attributes being developed are novel and increase the level of understanding of the impact 
of material variability. There is a need to determine the criticality of these attributes on the process 
parameters and determine if critical to industry. Task 2 should push these attributes to other tasks in 
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order to determine their importance in the models being developed and to validate experimentally. 
Project management could use some form of work breakdown structure (WBS) or milestone timeline 
that demonstrates increased collaboration of this task across FCIC. 

• The project management team appears to be adequate to achieve the desired goals and outcomes 
including specific resources for each of the subtasks. The subtasks appear to be well covered by the 
requisite expertise and number of leads. The communication strategy outlined in the management 
approach is concisely described and should be highly effective. The approach challenges don’t 
specifically address a method to identify/classify and/or or track feedstock contaminants, which can be a 
major impediment to upstream processes. The section of the presentation related to the translocation of 
silica is particularly interesting, and the project appears to be taking that on as a primary goal of the 
project. The project’s impact approaches are well defined and likely achievable. In addition, the 
industrial engagement vision should support the project’s outcomes well. The project identifies a well-
known issue in biorefining (feedstock variations) and the relevant challenges associated. The progress 
and outcomes associated with the project are described in great detail. Further, the characterization 
technologies mentioned should support industry well if brought to market. 

• There was no mitigation strategy discussed for the critical risk identified by the PI for “translating 
fundamental understanding of...feedstock variability into knowledge and tools that can be easily 
transferred to industry.” While the characterization work is impressive, there needs to be discussion on 
how this information specifically informs real-world strategies to reduce the impact of the observed 
feedstock variability on industrial operations. Cross-review of the findings by the FCIC preprocessing 
and conversion groups and industry advisors could help better define the industry relevance and real-
world implementation strategy.  

PI RESPONSE TO REVIEWER COMMENTS 
• Thank you for the comments. We agree that there is need for controlled/coordinated studies to 

understand the variability of corn stover throughout the aging process. Our work is not comprehensive, 
but we believe it is a strong contribution to the literature. Regional variability in soil mineral content 
does have an impact on the variability of feedstock, as demonstrated in our paper by Ray et al. (2020), 
entitled “Multiscale Characterization of Lignocellulosic Biomass Variability and Its Implications to 
Preprocessing and Conversion: a Case Study for Corn Stover.” Several previous papers have discussed 
biomass storage and biomass degradation with a primary focus on bulk compositional changes and dry 
matter loss, which we have cited in our recent publications. However, our research demonstrates novelty 
in providing mechanistic insight to modes of degradation 
(https://doi.org/10.1021/acssuschemeng.9b06524), how degradation varies at anatomical and tissue 
scales, degradation impacts on thermophysical surface properties that impact feeding and handling 
(https://doi.org/10.1021/acssuschemeng.0c03356; https://doi.org/10.1021/acssuschemeng.9b06759), in 
addition to degradation-induced variations on the fate of inorganic components in biomass 
(https://doi.org/10.1021/acssuschemeng.9b06977). Our studies go far beyond traditional measures of 
bulk composition and ash. Regarding the focus on corn stover and woody residues—this decision was 
made by BETO to focus the initial work of the FCIC—Task 2 has been working to understand the 
inherent and introduced variability of these two model feedstock resources (one herbaceous, one woody) 
to identify potential CMAs. In the future, the FCIC may expand the portfolio of materials, and Task 2 
will continue its work focused on the understanding of attributes to enable feedstock agnostic pathways 
to sustainable utilization. Task 2 focused on identifying sources of variability across different feedstocks 
and/or different states of the same feedstock. Using this data, we proposed certain features as CMAs to 
help guide research in other tasks. One of the task’s goals is to generate hypotheses for other tasks to 
investigate whether the variable attributes we’ve identified are critical to their processes. This year, we 
have four joint milestones with other FCIC tasks to push the attributes across the value chain. We agree 
that it would improve FCIC’s impact to enlist more milestones related to attributes in other tasks. This 

https://doi.org/10.1021/acssuschemeng.9b06524
https://doi.org/10.1021/acssuschemeng.0c03356
https://doi.org/10.1021/acssuschemeng.9b06759
https://doi.org/10.1021/acssuschemeng.9b06977
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integration will be a focus of future work. We validated criticality through models built using k-means 
clustering and measurements of organic and inorganic features. We identified three CMAs, moisture, 
total ash, and extractives content, along with belt speed as a critical process parameter (CPP), which 
combined explain 67% of the variability in grinder energy consumption the low-temperature conversion 
pathway. 

• We aim to illustrate the value of the research investments by publishing our findings, industry outreach, 
and engagement with other key stakeholders. For example, the inherent and introduced variability 
characterization results and fundamental understanding provide opportunities for developing advanced 
preprocessing technologies for selective fractionation and separation. Targeted preprocessing strategies 
can be employed to reduce the contents of unfavorable inorganic species and/or improve feedstock 
quality for conversion to fuel intermediate or product. Our advanced characterization approach for a 
fundamental understanding of properties of anatomical fractions suggests utilization pathways that are 
tailored to material properties, informs plant breeders and biorefining operators on plant fractions 
suitable for bioconversion to product intermediates and provides insights into harvest timing and 
sustainability (e.g., harvest after leaves have dropped). We believe that variability research highlights 
that quality becomes increasingly important in the context of profitable fuels and chemicals. Enhanced 
connection with preprocessing and conversion data are the goal of our end-of-project Q4 milestone and 
will continue during future work. At the end of our presentation, we described a red-green-blue image 
analysis approach that can be used to assess biomass quality based on the presence of dirt/silica 
contaminants or signs of degradation (described further in Ray et al. 
(https://doi.org/10.1021/acssuschemeng.9b06763). The extension of this tool was described in our recent 
FY21 Q2 milestone to enable process control and optimization by providing information for sorting corn 
stover/pine based on material attributes. These tools hold promise for the development of a rapid 
screening tool that could be deployed by farmers for in-field assessment or by operators for in-line 
process measurement and downstream controls and optimization. We agree that cross-review of the 
findings by the FCIC preprocessing and conversion groups and industry advisors is important to ensure 
industry relevance and real-world implementation strategy, which is why we have standing monthly 
meetings with them. 

  

https://doi.org/10.1021/acssuschemeng.9b06763
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TASK 3—MATERIAL HANDLING 
FCIC 

PROJECT DESCRIPTION 
The overarching objective of the project is to develop 
first principles-based design tools that enable 
continuous, steady, trouble-free bulk flow transport 
through the processing train to the reactor throat. The 
project takes a synergistic approach, including 
integrated multiscale characterization, experimental 
flow testing, and physics-based modeling to 
understand, model, validate, and solve the biomass feeding and handling problems. The scope of work consists 
of (1) establishing controlled particle and bulk flow tests using industry-relevant biomass feedstocks and for 
evaluating flow performance under various combinations of CMAs and CPPs; (2) developing experiment-
validated, physics-based discrete particle models for gaining a fundamental understanding of flow 
characteristics and upscaling of first-principles based constitutive models as input to continuum flow 
simulations; (3) developing experiment-validated, physics-based continuum-mechanics models for predictive 
studies of engineering-scale flow performance under relevant combinations of CMAs and CPPs; and (4) 
inputting experimental and simulation data in LabKey to manage data flow and correlate biomass flow 
performance with CMAs and CPPs. The project will generate a working envelope of CMAs and CPPs for 
achieving operational stability of biomass material handling (i.e., design charts for consistent hopper flow). 
Computational tools implemented with the developed flow models will be released as open-source software 
and/or open-source add-on modules for proprietary software upon the completion of the project. 

  

  

WBS: Task 3 
Presenter(s): Yidong Xia; Richard Hess 
Project Start Date: 02/01/2019 
Planned Project End Date: 09/30/2021 
Total DOE Funding: $4,074,000 
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Photo courtesy of FCIC  

COMMENTS 
• Excellent work on the various modeling approaches. Slide 9 is an excellent representation of how QbD 

applies to the project. It could also be used to represent the progress on the project. The hopper flow 
model should be validated at larger scale. Biomass flow against the walls of the hopper may be a 
function for both hopper volume and hopper geometry. Consider expanding the collaboration with Jenike 
& Johanson to guide the modeling and larger-scale validation. The impact of porosity, pore volume, and 
density on biorefinery operations was not clear. 

• Reorganization of the effort has made the tasks more clear and highlights the interdependence of each. 
The management of this project has shown the ability to continue to make progress while managing 
across several national labs. Validation testing should include the ability to cause an upset by creating 
conditions predicted by the model to cause an upset. It is not clear whether this type of experimentation 
was performed or the results of it. Duration of experiments performed to validate the model is geared for 
short-term impacts. Many issues are long term such as the buildup of constituents (rag layers, material 
failure). Appreciate the study being done on temperature dependence of flow characteristics. While 
research at higher temperatures may not be done at this time, it is important for both researchers and 
industry to understand when that effort might be done and what sort of effort will be needed to do the 
same modeling but at higher temperatures. I would appreciate knowing whether it would be more 
efficient to expand the temperature scale at this time or later when this medium-temperature pyrolysis 
work is completed and validated. The accuracy of the models run on high-performance computers with 
complex shapes compared with spherical shapes done on desktops was not differentiated. This left the 
reviewer unsure of why we’d need to use high-performance computers if we could get the same results 
with a desktop. The project has demonstrated that they are finding new and interesting impacts of 
currently understood biomass variables (moisture) as well as not previously studied variables such as the 
location of that water within the biomass. It is important that this team be working with a group of 
managers and engineers who can start drawing the plans from taking this research from a journal paper 
into a real-world application. Size of biomass is small (6 mm on slide 23)—experimentation seems to be 
ignoring 25 or 50 mm chips. Although many technologies use the smaller diameter chips, many others 
are still based on a larger chip size. Validation testing cannot ignore these other technologies. Project is 
working on complementary research on porosity with another group and is not only aware of their 
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activities but is also actively communicating with that group as well. Project is working to provide 
industry models that it can use on computers with a reasonable level of computing power. Effort is being 
made to make this work accessible for all. 

• The development of the discrete element model and reactive transport models are significant 
accomplishments, especially when considering the challenges that solid transport gives to the bioenergy 
industry. The technical challenges accepted by the team are substantial. I believe that the efforts are 
successful but wish that the demonstration of successful modeling could have been more clearly 
communicated. The presentation of the models was rushed and the slides do not tell the story very 
effectively on their own. Can these tools be demonstrated with real-world utilization? Can the team solve 
a known problem with these tools and apply TEA to demonstrate the benefit? 

• The project appears to have clear delegations of major responsibilities. The impact section of the 
project’s presentation notes the casting of a wide net via the dissemination approach (e.g., industry, 
academia). The communication strategy appears to be well developed although there is less clarity 
related to the laboratory-industry partnership meetings (e.g., frequency). The technical approach is 
particularly detailed, most notably “experiment-validated, physics-based continuum finite element and 
finite volume models for predictive studies of engineering-scale flow performance under relevant 
combinations of CMAs and CPPs,” which could yield useful fruit. The impact of open-source modeling 
and software packages being made available to the public is a benefit of this project’s impact. The 
project’s modeling of temperature modeling of a pyrolysis feeder is an innovative attribute. The project’s 
approach in progress and outcomes is very detailed and covers multiple characterizations of biomass 
flow to reactor throats. Overall, this is a really interesting topic and could provide valuable tools to 
industry in the future. 

• The simple, direct explanation of the project’s relevance to industry is exemplary for the program. 
Example flowsheet clearly defining the hopper designs’ material attributes, CPPs, and CQAs is 
exemplary. Would have liked to see the same for the other process units studied in this task. Involving 
modelers in experimental design and testing as a project risk mitigation strategy is commendable. 
Process upsets in handling do not increase the cost of the biomass but the production cost of the final 
biofuel and co-products. An additional challenge of the project perceived by this reviewer is adaptation 
of open-source models by the general public and equipment suppliers. It’s not clear if the models are 
“user friendly” enough for nonexperts to utilize to investigate the impact of their specific material 
attributes on equipment design and operation.  

PI RESPONSE TO REVIEWER COMMENTS 
• “Validation testing should include the ability to cause an upset by creating conditions predicted by the 

model to cause an upset. It is not clear whether this type of experimentation was performed or the results 
of it. Duration of experiments performed to validate the model is geared for short term impacts. Many 
issues are long term such as the buildup of constituents (rag layers, material failure).” Reply: This project 
has carried out a rigorous experimental testing plan to quantify the relations between the hopper 
inclination angle and the critical arching distance (a major process upset in hopper flow). The related 
experimental data has been used to support the development and validation of the multiscale 
computational flow models in this project. Upon validation, the continuum-mechanics based bulk models 
are used to predict the initial bulk density in realistic operation conditions. Our bulk models have 
revealed that the initial bulk density plays a critical role in determining the discharge flow characteristics 
and critical arching distance. As part of an iterative research approach between experiment and 
modeling, the modelers instructed the design of new experimental hopper flow conditions to confirm the 
numerical findings.  

• “While research at higher temperatures may not be done at this time, it is important for both researchers 
and industry to understand when that effort might be done and what sort of effort will be needed to do 
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the same modeling but at higher temperatures.” “I would appreciate knowing whether it would be more 
efficient to expand the temperature scale at this time or later when this medium-temperature pyrolysis 
work is completed and validated.” Reply: We presume that this question is in regard to modeling of the 
pyrolysis feeder. This work is currently targeted to NREL’s pyrolysis system that has exhibited feeding 
problems. However, the model is setup for arbitrary ambient and reactor temperatures, and so higher 
temperatures could be modeled now. Applying the model to different feeder- and cooling-system 
configurations would likely mean some revisions to the domain and boundaries but is quite feasible.  

• “The accuracy of the models run on high-performance computers with complex shapes compared with 
spherical shapes done on desktops was not differentiated. This left the reviewer unsure of why we’d need 
to use a high-performance computer if we could get the same results with a desktop.” Reply: Sorry for 
missing some key details in the presentation. Even on high-performance computers, complex-shape 
particle models can simulate only laboratory-scale benchmark operations but provide “first-principles” 
understanding of biomass particle flow physics (e.g., particle entanglement and interlocking). The 
sphere-based particle model reduces the computing cost with trade-offs of minimizing particle shape 
complexities and introducing complex force-displacement relations. The sphere-based particle model 
makes it easier for engineers to adopt to simulate the same laboratory-scale problem on a desktop. The 
sphere-based model can also run on high-performance computers for pilot-scale problems and can serve 
as a numerical reference for continuum-based flow models.  

• “It is important that this team be working with a group of managers and engineers who can start drawing 
the plans from taking this research from a journal paper into a real-world application.” Reply: The FCIC 
Task-3 Material Handling project in its past two and half years has focused on a rigorous strategy of 
reviewing, experimenting, down-selecting, validating, and advancing the suitable technology pathways 
for both the physical flow characterization and computational flow modeling and simulation approaches. 
The project team is nearing the preparedness of starting to extend our capability from lab-scale and pre-
pilot-scale benchmark unit operations to pilot-scale and production-scale applications. We will work 
with the FCIC leadership and the FCIC industry advisory board to increase our impact in real-world 
applications.  

• “Size of biomass is small (6 mm on slide 23)—experimentation seems to be ignoring 25 or 50 mm chips. 
Although many technologies use the smaller diameter chips, many others are still based on a larger chip 
size. Validation testing cannot ignore these other technologies.” Reply: We thank the reviewers for this 
comment. Gasification uses 25 to 50 mm particles, while pyrolysis uses smaller particles (<6 mm). 
Because the scope of FCIC preprocessing and material handling tasks are focused on the feedstocks for 
the latter, we have not researched the larger particles. In general, the larger pine chips are not as prone to 
the same flow plugging and agglomeration issues currently cited and studied in FCIC.  

• “I believe that the efforts are successful but wish that the demonstration of successful modeling could 
have been more clearly communicated.” Reply: We struggled with how to clearly communicate all the 
important modeling achievements from our team along with the other essential components of the peer 
review presentation; clearly we missed the mark on this.  

• “Can these tools be demonstrated with real-world utilization? Can the team solve a known problem with 
these tools and apply TEA to demonstrate the benefit?” Reply: One of the largest and most direct benefit 
to the economics of a process is through avoidance of process upsets and downtime. The tools we have 
been continuously developing are being demonstrated in practical hopper discharge and screw conveyer 
operations. Specifically, the development and validation testing for this task take place at INL in a 
custom angle-adjustable hopper, on the scale of 5–15 tons/hr. and demonstrated the operating conditions 
needed to avoid process upsets like hopper arching. While production-scale operations are certainly at 
higher capacities, this work demonstrated a clear step forward.  
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• “The communication strategy appears to be well developed although there is less clarity related to the 
laboratory-industry partnership meetings (e.g., frequency).” Reply: Laboratory-industry partnership 
meetings are mainly facilitated in the form of FCIC-DFO projects, where labs keep bi-weekly or 
monthly progress update with their industry partners.  

• “Example flowsheet clearly defining the hopper designs’ material attributes, CPPs, and CQAs is 
exemplary for the program. Would have liked to see the same for the other process units studied in this 
task.” Reply: We thank the reviewer for their comments. Another process unit being studied in this 
project is the screw conveyor (also called the auger). The design and operation chart for screw conveyor 
is one of our end-of-project goals.  

• “It’s not clear if the models are ‘user friendly’ enough for nonexperts to utilize to investigate the impact 
of their specific material attributes on equipment design and operation.” Reply: We agree that the current 
version of the models will not be very user friendly. In the engineering software industry, a user-friendly 
simulation package is normally the result of decade-long iterative effort in core feature and user-interface 
development and enhancement. User feedback is critically important to allow developers to plan how to 
continuously improve the user experience. Our open-source software strategy allows us to release the 
package and provide detailed user manual and examples for nonexperts.  

• “The hopper flow model should be validated at larger scale.” Reply: Pilot-scale (5 to 15 tons/hr.) and 
even production-scale (30 to 80 tons/hr.) hopper flow is within the sight of our project. To overcome the 
high cost of obtaining experimental hopper flow data in these scales, FCIC has been seeking a viable 
pathway to forge industrial collaboration (e.g., Jenike & Johanson) through BETO DFOs.  

• “Biomass flow against the walls of the hopper may be a function for both hopper volume and hopper 
geometry. Consider expanding the collaboration with Jenike & Johanson to guide the modeling and 
larger-scale validation.” Reply: According to our research, the geometric configuration and size of the 
hopper are some of the factors that influence the internal stress distribution of the feedstock materials in 
the hopper, which dominates the discharge flow characteristics. We chose to focus our effort on two 
major hopper geometries widely used in real-world applications (e.g., the wedge-shaped hopper and 
conical hopper).  

• “The impact of porosity, pore volume, and density on biorefinery operations was not clear.” Reply: We 
whole-heartedly agree that quantifying the impacts of these CMAs in relation to the other FCIC tasks 
and subtasks must be clearly made. Follow-on experiments correlating surface area, porosity, and density 
to wettability (i.e., capacity and rates), mechanical strength and discrete element modeling will be a 
FY21 priority. 
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TASK 4—DATA MANAGEMENT 
FCIC 

PROJECT DESCRIPTION 
The objectives of the Data Integration Task are (1) to 
provide a web-based collaboration platform and 
database (the FCIC Data Hub) for integration, 
preservation, and sharing of FCIC data sets, 
metadata, and analytical results within a uniform 
QbD framework; and (2) to provide a portal on the 
Data Hub for industry stakeholder and public access 
to FCIC results, data, and software. The Data Hub’s 
QbD framework provides workflows and data tables for cataloging and tracking critical property attributes of 
feedstocks, intermediates, and products as well as CPPs of unit operations within the low- and high-
temperature conversion pathways. The interfaces of the QbD data tables provide easy, rapid, and transparent 
access to supporting data and evidence of criticality in biorefinery processes and materials. FCIC analysts, 
experimentalists, modelers, and managers benefit from having a shared, online workspace wherein data may be 
exchanged, tracked, transformed, analyzed, and preserved within a formal structure that supports efficient 
tracking of progress toward FCIC goals. Industry stakeholders seeking to build new bioeconomy infrastructure 
for the production of renewable fuels and chemicals benefit by having ready access to findable, accessible, 
interoperable, and reusable FCIC data and knowledge via the Data Hub web portal. 

  

  

WBS: Task 4 
Presenter(s): Jim Collett;  

Asanga Padmaperuma 
Project Start Date: 02/01/2019 
Planned Project End Date: 09/30/2021 
Total DOE Funding: $1,354,000 
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COMMENTS 
• Task 4 is a forward-looking and aggressive approach to creating significantly improved data access for 

FCIC and beyond. Getting data out of spreadsheets and into accessible form can be transformational. 
The technical approach appears sound but, frankly, outside of my skill set. Task progress is too early to 
judge for impact. An upcoming key measure of the development will be use. Will the tools that are 
developed be used? Will efficiencies or new concepts be advanced? How can we measure the successes 
enabled? 

• The project is very ambitious in the amount of data and information it is encompassing. Standardizing 
QbD nomenclature as well as linking to other programs such as the Bioenergy Feedstock Library will be 
key to institutionalizing the concept across FCIC. Although this effort is great for FCIC internal 
collaboration, the challenge will be to get industry and even other technology areas of BETO to adopt the 
standardized nomenclature and start using the data sets and reports. The beta testing using the industry 
advisory board and getting input from the DFO partners is a good start. Ease of use will be key to the 
adoption of this technology. The data set on high-temperature conversion does not have any DFO or 
industry partner using the pyrolysis technology for the production of biofuels. This will limit the 
applicability of the current data sets in this space. More extensive input from industry as well as beta-
testing by industry users will be key to determining the value to the biorefinery community. 

• The project’s approach in utilizing a public web portal to disseminate information is a positive attribute 
of the project. The management group appears to be a slightly leaner than that of other projects we have 
reviewed, but that may be because the implementation of the project doesn’t require more than the 
identified resources. The technical challenges shown in the project’s approach are clearly defined. I note 
that the second objective of the three objectives (establish controlled vocabularies, data standards, etc.) 
will likely be highly challenging. The project’s approach to experimental data integration could likely be 
useful to industry and other stakeholders. The project appears to be in good hands by virtue of highly 
experienced subtask leads. It is not clear what will happen if the funding of the LabKey software is 
discontinued in the future. A “Plan B” doesn’t appear to be mentioned. The progress and outcomes 
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section of the project’s presentation is very detailed and provides proper identification of risk mitigation 
strategies. I also agree that the utilization of structured query language code will reduce errors and 
improve trust in large data sets for the bioenergy industry. Generally speaking, this is an exciting 
approach to managing large data sets and I think we are all anxious to see a slice of the application going 
public this year. 

• The web-based data management tools under development are impressive and exciting. Consider 
mitigation strategies for additional project risks including poor/insufficient (1) promotion of the database 
website (visibility) to the public, and (2) public adoption of the tool resulting from lack of training or 
ignorance of the tool’s many capabilities and benefits. 

• This reviewer is pleased that data integration has commanded its own unit within FCIC. This is an 
important goal of disseminating data in a coherent manner, and a huge undertaking within BETO that is 
clearly advancing toward its goal of a comprehensive data hub. From other presentations it appears that 
some data sets are going to be added onto this with different user interface layouts. If true, this would 
harm the overall effort of a consistent platform. The data need to be accessed, entered, and viewed in a 
consistent manner to give people confidence that the data are accurate as well as to provide a consistency 
in quality required for such an effort. The tool could be of use to government/industry partnerships when 
trading samples and information back and forth. This would not only provide a quality document control 
platform but also continue to populate the overall database. The security of the public data was not clear 
in the presentation and who and how the data is tagged for public release. Recommend that only a small 
group of people be allowed to make data entries instead of anyone. Data can and will likely be entered 
sloppily by users in a rush to get the menial task over with. However, if a group of people had sole 
control, they could ensure that the data were equivalent, definitions were consistent, and experiments 
were taking the correct measurements. The project is not only for the final depository of data but could 
be used as a project planning tool as well. It has the potential to help guide projects toward the correct 
items to measure in their labs, and in their processes. Existing data have not been incorporated into the 
model at this time and are planned for the future. The basis of the web tool has been created in this last 
time period and future efforts will be made to populate it. It isn’t clear whether other data sets such as 
Phyllis are being replaced by this data set or if they will coexist. If the latter, it isn’t clear how people 
will come to rely on one over the other or why not. It isn’t clear if the interface of the project was 
developed using standard user interface/user experience methodologies such as wire frames and 
clickable prototypes. There is a wide selection of user interfaces in the public space and the ones that are 
most often used are the ones most accessible and easiest to manage. If the project finds that interaction 
with the tool is difficult, it should step back and readdress the user experience through a product 
development mindset. This tool should be used as a specification for data collection for government 
projects. The same data, collected in the same ways, done on each project is the most important way of 
making this data set valuable. A publicly available tool that can provide data on a particular feedstock at 
a particular point in a system that has been vetted by national lab scientists is an exciting advancement. 
The “interoperable” mandate of the FAIR guidelines is unclear on how it relates to a singular database 
that is supposed to support all of BETO. I do not think that interoperability is always a good thing if it 
keeps systems alive that should be thrown into the fire.  

PI RESPONSE TO REVIEWER COMMENTS 
• We are grateful for the insightful recommendations from the Peer Review panel, and for their support for 

a comprehensive, online database framework that explains how particular feedstocks and intermediates 
affect the performance of specific unit operations in biorefineries. We agree that maximizing the value of 
the Bioenergy Data Hub will require researchers working across the nine national labs of the FCIC to 
agree upon and adhere to common standards for material and process data and metadata to ensure that 
their uploaded data sets will be findable, accessible, interoperable, and reusable by our industry 
stakeholders. A key, measurable objective for our task is to harmonize data sets from FCIC technical 
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reports and journal articles, and then upload them to the Data Hub to enable integrated views of FCIC 
data within a single interface with standardized metadata and units of measure. Workflows for achieving 
such data integration will necessarily involve only a small, select group of data managers from each of 
the FCIC national labs to ensure data quality. We concur with the reviewers’ observation that the Data 
Hub could be leveraged for planning and coordination of FCIC research campaigns; such efforts would 
be ideally led by the Task 8 Cross-Cutting Analysis Team to ensure that experimental data may be 
directly integrated into the Task 8 TEA/LCA case studies. We have designed the Data Hub to integrate 
FCIC experimental data with feedstock characterization data drawn from the Bioenergy Feedstock 
Library at INL, which serves as the primary repository for feedstock data and metadata across BETO 
projects. The Data Hub’s open-source LabKey Server software efficiently supports such integration via 
built-in tools for creating query-based hyperlinks to specific items in external databases, streamlined 
upload/download workflows, and automated import/export script pipelines; these tools may be leveraged 
to exchange data with other online databases as well, such as the BETO-funded Knowledge Discovery 
Framework. Our uniform applications of QbD nomenclature within the Process Stream Critical 
Properties, Unit Operation Critical Process Parameters, and Technology Pathway Configuration data 
tables on the Data Hub are indeed standardizing the way we think and talk about biorefinery materials 
and processes within the FCIC. Further integration of the FCIC’s QbD framework for biorefineries with 
the fully developed database schema of the Bioenergy Feedstock Library can form the basis of a new 
“Bioeconomy Feedstock Conversion Ontology” that provides a shareable, formally specified 
classification system for materials and processes to support biorefinery development and the creation of 
markets for renewable feedstocks, intermediates, and products. 
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TASK 5—PREPROCESSING 
FCIC 

PROJECT DESCRIPTION 
The preprocessing task in FCIC seeks to develop 
science-based design and operation principles 
informed by TEA/LCA that result in predictable, 
reliable, and scalable performance of preprocessing 
unit operations (comminution, fractionation, 
deconstruction, and process control). This task uses a 
combined experimental/modeling approach to 
produce models for hammer/knife milling, air 
classification, packed bed deacetylation, and process control. These models will be capable of exploring a 
range of material attributes and process parameters that would be too costly for experimentation. Industry 
stakeholders will be able to use these tools to design the next generation of preprocessing equipment for 
biorefineries.  

  

  

WBS: Task 5 
Presenter(s): Richard Elander; Vicki 

Thompson; Richard Hess 
Project Start Date: 02/01/2019 
Planned Project End Date: 09/30/2021 
Total DOE Funding: $4,060,000 
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COMMENTS 
• Enable well-defined and homogeneous feedstocks from variable biomass resources. More discussion on 

why empirical methods are inadequate for preprocessing feedstocks in comminution, fractionation, and 
deconstruction unit operations would have been helpful for understanding the real-world relevance and 
impacts of the work performed. The modeling and computational capabilities of the team are impressive; 
however, the practical benefit of the sophisticated science was not clear for some tasks. The relevance 
for each task should be more clearly stated to justify the scientific deep dive. For example, stating why 
small, uniform particle size is so important for high temperature and low temperature conversion and 
why common milling operations are so detrimentally inadequate for efficient conversion would be very 
helpful. A flowsheet map of the relationship between material attributes, process parameters, and quality 
attributes for relevant subtasks would be helpful, similar to the “QbD for the Biomass Value Chain” 
provided for fermentation by Dr. Wolfrum in the FCIC overview talk. It was not clear for this task the 
relationship between them. Such descriptions would be very helpful in translating the importance of the 
science to industry. 

• Task 5 did the best job of demonstrating the approach of applying first principles, validating empirically, 
and applying the knowledge to solving real-world problems. The development of models that are 
predictive and 80% (I believe) accurate on complex processing is remarkable. I appreciated the example 
of understanding corn stover anatomical fractions with different milling behaviors, proposing an 
advantaged process, and running the TEA to understand the economic advantage. Can these tools be 
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applied to existing challenges such as understanding dried distiller grain flow or railcar filling for safety 
purposes or to improve transportation cost? Can materials be ground advantageously for better 
pelletizing (improved pellet durability) in bioenergy processes or deploy to another industry like animal 
feed pelleting? 

• The change to the Kozeny-Carman equation was not defined or what it de-risked. Please provide more 
information. The project tasks all have the same theme and objective but there does not seem to be any 
interdependence. The metrics and experimental setups used as the basis for the models were not 
described either. This leaves the reviewer confused about what assumptions were necessary to build the 
models and how those models plan to be validated. The new knife model appears to be a valuable tool 
for the industry. It would be of interest to know what parameters related to the design specifications of 
the mill can be adjusted in the model. Particle size distribution model versus experimental is very 
impressive. This model could be valuable to industry to provide reliable guidance for more realistic 
experimental setups. The validation setup would have been beneficial to understand—whether there 
were multiple machines used or how the model and equipment behave under different process conditions 
(moisture, RPM) or over time (screen wear, tip speed loss) and its relationship to performance—and this 
could be an important tool in preventative maintenance. There does not appear to have been any 
validation of the mechanics of kink formation to date. It is not clear if that is in the scope of this project 
or not. A standardized experiment on hydrolysis performance would be a beneficial follow-up to this 
work. The project is achieving the goals that it set out to achieve through fundamental science to add to 
the set of scientific information that exists. However, the impact of several of the experiments shown in 
the presentation appear limited to tweaking a TEA and would not fundamentally shift the dynamics of a 
technology’s profitability. If a cheap digital camera can be used to remove off-spec feedstock, this could 
be very valuable in not just the biorefinery industry but others as well. In larger part the project is 
looking at short-term equipment impacts (process upsets) and not at longer-term maintenance 
considerations. Although long-term testing costs more to do, the validation of this work will inform the 
TEA on mean time between outages, preventative maintenance cost expectations, number of spares that 
should be stockpiled, and other key risks at a facility. The reviewer does recognize that one needs to 
operate before you can assess how long you can operate. However, long-term maintenance costs should 
be a part of the overall program and planned accordingly. 

• The model development for multiple processes was the strength of this task. The deacetylation 
experiments for various compressibility parameters provided a good validation of the corresponding 
model. The experimentation should be conducted for other models over a wider range of material 
attributes or process parameters. The impact of air classification on downstream processes should be 
supported by downstream experimental results. The relevance of the various models for scale up was 
discussed as a primary quality assessment of this work; however, validation for scaling up from lab to 
pilot scale is needed. The approach of having a team representative on other tasks and having joint 
milestones is a positive project management technique. Using a WBS to discuss progress would be 
beneficial. 

• The project’s management approach is clearly stated and the responsibilities are quite detailed. The 
communication strategy in the project’s management approach has detailed timing milestones and 
appears to be reasonably achievable. The metrics in the project’s technical approach are clearly 
identified. Task 5.5 (Machine Vision for Feedstock Quality Identification) is particularly innovative, and 
when combined with a feedforward loop, could be very effective in industry. The use of open-source 
model codes is a positive attribute of this project. The project states that the achievement of the Shear 
Fracture Analysis of Pine using particle tests to quantify the impact of material attributes on the force 
and fracture mechanisms was used to predict milling performance. This in and of itself is interesting but 
the project presentation doesn’t cite what the effect of this had on predicting milling performance. The 
use of an advanced 3D analysis on the heterogenous porosity distribution is a positive attribute to the 
project. The discussion surrounding pilot-scale Milling Deconstruction Models is of particular interest 



2021 PROJECT PEER REVIEW 

 

825 FEEDSTOCK-CONVERSION INTERFACE CONSORTIUM 

leaving the reader wanting just a little bit more on that subject (lessons learned, success rate, mean time 
between failure, capacity factor and forced outage rates). Overall, the project’s presentation is detailed 
and comprehensive and deserves kudos. The progress and outcomes section of the presentation is 
particularly detailed and supports the desired outcomes for the project.  

PI RESPONSE TO REVIEWER COMMENTS 
• We appreciate the constructive comments from the reviewers. The traditional Kozeny-Carman equation 

only applies to rigid particle packing (i.e., incompressible bed). We modified the Kozeny-Carman 
equation to be applicable to a compressible packed bed by including the effect of the bed compressibility 
on porosity and specific surface area. This modification is critical to model biomass packed bed flow-
through behavior because biomass particles are highly compressible. More details can be found in our 
recently published paper by Li et al. (https://doi.org/10.1016/j.cej.2021.128918). Due to the highly 
compressible nature of a biomass packed bed, the pressure drop induced by fluid flow-through at high 
liquid flow rates can lead to bed compression which will cause even higher pressure and eventual 
clogging of the column. The modification to Kozeny-Carman equation provides a tool to evaluate this 
behavior and to optimize reactor design parameters appropriately. The knife model provides adjustable 
process parameters, including feed rate, rotation speed, blade angle, and outlet sieve size. In addition, the 
model allows testing of various feedstock material attributes (e.g., particle size distribution, shape, 
density, and mechanical properties). Direct experimental validation that kink defects in cellulose are 
formed by mechanical deformation, and that cellulase enzymes preferentially initiate hydrolysis at those 
kink defects, has been published previously by our group (https://doi.org/10.1073/pnas.1900161116) and 
others (https://doi.org/10.1073/pnas.1912354116). Future modeling work will focus on predicting 
mechanical processing modes and stress thresholds that maximize formation of reactive defects. 
Validation of these predictions will indeed require validation in the form of hydrolysis assays which can 
be performed by the low-temperature conversion task within the FCIC. Investigation of a specific 
technology is outside the scope of this task and the consortium. The approach, rather, is to investigate 
and determine the criticality of fundamental properties as well as the ranges of those properties, which 
are barriers to the efficient process. The value of doing so is to understand how those barriers can be 
addressed in general. The comment regarding short-term impacts versus long-term maintenance 
requirements is noted. Efforts in FCIC Task 1 (Materials of Construction) are largely focused on 
equipment wear in preprocessing equipment, such as hammer and knife mills, as equipment wear due to 
the abrasive nature of biomass and wear-inducing contaminants (e.g., ash) represents a major 
consideration on long-term equipment lifetime and associated maintenance requirements. Efforts in Task 
1 are closely aligned with Task 5, including researchers who are contributing to both tasks. The question 
regarding dried distiller’s grain flow/railcar filling is an important issue, although this task is more 
focused on intermediate deconstruction methods, while FCIC Task-3 Material Handling is more closely 
investigating the flow and handling of materials. Materials can be deconstructed to improve the 
properties (durability) of pellets. That is not specifically studied in FCIC, although there is ongoing 
synergistic work that is being coordinated with the core program work at INL. The strength properties of 
the pine samples are being used and developed to combine with both discrete element model approaches 
for mill understanding, as well as the statistical prediction of performance through a population balance 
model framework. The ultimate goal of the computational models being developed for simulating the 
preprocessing, milling, and deacetylation operation units is to assist the experimental QbD approach by 
using the validated numerical models to accelerate testing and expand testing conditions that are 
normally expensive to prepare and repeat experimentally. Nevertheless, the development and validation 
of those numerical models, though enjoying a rapid progress over the recent few years, are still in an 
early stage due to the sophisticated nature of biomass materials. The continued development and 
deployment of those computational models will allow their practical benefit to manifest to the 
biorefinery industry. As one example, the tight control over the particle size being fed to the high-
temperature reactor will allow for more effective and consistent conversion chemistry and reactor 
optimization. In the low-temperature conversion pathway, similar optimization can be achieved while 

https://doi.org/10.1016/j.cej.2021.128918
https://doi.org/10.1073/pnas.1900161116
https://doi.org/10.1073/pnas.1912354116
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avoiding generation of excess fines that can agglomerate or plug reactor functions during processing. We 
are now currently working on testing and validating models using a wider range of material 
attributes/process parameters, including covering a wider variety of corn stover preprocessing history 
such as moisture content prior to milling and extent of feedstock degradation. We are also measuring and 
validating model response to the effects of deacetylation process parameters (specifically the extent of 
reaction and the resulting change in particle attributes) on flow properties and modeling accuracy. 
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TASK 6—HIGH-TEMPERATURE CONVERSION 
FCIC 

PROJECT DESCRIPTION 
The impacts of feedstock variability on pyrolysis 
processes are significant but poorly defined. Current 
engineering designs are based on empirical 
guidelines, useful only over a narrow range of 
feedstock properties. The objectives of this project 
are to: (1) develop science-based knowledge of how 
feedstock attributes and operational parameters 
impact pyrolysis process reliability and product 
quality; and (2) build an experimental and computational toolset that predicts these outcomes, enabling 
processes to optimize reliability and product quality. Biomass is a complex feedstock. Controlling for and 
testing the effects of individual attributes is very challenging. This project couples multiscale experimentation 
and modeling to accurately capture the fundamental physics and chemistry of biomass flow and conversion 
behavior in feeding and pyrolysis reactor operations. Our focus is on pine residue attributes—anatomical 
fraction (bark, needles, wood), particle morphology (size/shape distribution, density, porosity), and chemical 
composition (extractives, biopolymers, alkali metals)—that impact product quality for downstream catalytic 
upgrading. Because detailed pyrolysis product characterization is limited, cutting-edge analytical techniques 
are being developed to reveal impactful product attributes. The tools and knowledge developed here will 
enable integrated pyrolysis-based processes that are more robust, flexible, and market-responsive with respect 
to feedstock variability. 

  

  

WBS: Task 6 
Presenter(s): Daniel Carpenter;  

Zia Abdullah 
Project Start Date: 02/01/2019 
Planned Project End Date: 09/30/2021 
Total DOE Funding: $3,742,000 
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COMMENTS 
• “High temperature” must mean conditions beyond pyrolysis. There is no focus on higher-temperature 

gasification. Pyrolysis is one of the best examples of the chicken and the egg in R&D. How do you 
design a reactor when you don’t know what the product has to look like, and how do you sell a product 
that you don’t know you can make? The coordination and outreach on this project are impressive. The 
reviewer was pleased to see that the labs are reaching outside the national labs and collaborating directly 
with the kinetic group and modeling their work. Refining the Debiagi model to match what you are 
seeing experimentally represents the excellent adherence to scientific research principles, which is 
always the expectation when looking at national lab work. A massive scope of a project with truly 
impressive progress that provides tools that large and small organizations can use to plan and predict 
performance of their technology. The list of feedstocks for experimentation appeared to cover a 
significant selection of potential feeds for validation of the model. Further validation would be useful on 
a sample sourced from an industry partner off of their equipment. Iowa State, which is listed as a partner, 
operates multiple high-temperature systems, but it isn’t clear if this information has been validated on 
their systems or not. The impacts of ash species in gasification are not well understood but they are 
known and have shown to have impacts on past DOE projects. The models would benefit from 
additional time and effort placed into identifying the impact of individual mineral species on 
gasification. It is unclear whether any cold flow analysis experimentation has been done to provide into 
computational fluid dynamic model of the fluidized bed. The Sobol sensitivity analysis is very 
interesting; it is hoped that the list of experiments in the additional slides will be used to validate this 
work. In general, significant work is being done but a clear validation plan was not presented. It isn’t 
clear whether the list of experiments in the additional slides are planned for validation against all of the 
work that has been presented or if more is to be done. It is recommended to validate the model as best as 
possible on a continuous basis or at go/no-go decision points. This effort could be tied to improved 
metrics for tracking progress as has been discussed elsewhere in these comments. 
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• A direct summary message of the impact of feedstock CMAs on unit operation performance and product 
quality would make the impact and outcomes value proposition more clear. The performance metrics and 
success factors for this subtask are not clear. 

• Including kinetics in these models is an excellent advancement of the state of technology. The final 
model should be able to predict the percent of carbon in the feedstock that is converted into the final 
blendstock (after hydrotreating). The additional slides showing the CMAs, CPPs, CQAs, and tech 
transfer were very informative for this task and would add value as part of the presentation. The planned 
FY21 case study, including the material classification to determine variability, will be critical to 
understanding the scale-up of this high-temperature conversion technology. An industry partner is 
needed to scale-up pyrolysis high-temperature conversion to realize the impact of this work. The use of a 
WBS or milestone timeline could improve coordination between the tasks including those with the 
Consortium of Computational Physics and Chemistry and ChemCatBio Consortia. 

• Task 6 applies the commendable approach of developing science-based understanding and testing 
against empirical data. The models described are ambitious and based solidly in the physics, with results 
clearly applying to de-risking the technology. Additionally, using TEA to ground the results in the 
potential economic benefit is a strong tool. The impact of the work is difficult to grade. I would have 
liked to see more model results compared to empirical results to gain an impression on how well our 
phenomenological understanding holds up to experimental data. Also, how impactful are the 
developments, or developmental goals, in terms of economic impact? It appears the tools are there but 
insights that could be gained in applying these analyses were not obvious. 

• The management approach is detailed, assigns responsibility in a clear manner, and has a robust 
communication plan. The project’s approach is detailed and clear. The use of Debiagi/CRECK kinetics 
in the project’s approach is notably innovative. Slide 11 of the project’s approach identifies known 
challenges related to coupling analytical data to reality. The use of an open-source code modeling tool is 
a positive attribute to the project. The project’s use of reduced-order simulation to derive feedstock 
product distribution versus feedstock chemical composition could very likely be useful to industry. The 
notes and comments in the project’s presentation are extremely useful. The project’s noted collaboration 
with Task 8 is a positive attribute. In general, the project’s approach to progress and outcomes is very 
detailed and provides a great deal of merit to the proposed processes (e.g., slide 21).  

PI RESPONSE TO REVIEWER COMMENTS 
• We would like to thank the reviewers for their insights, questions, and suggestions to improve this 

project. Regarding expanding conversion conditions beyond pyrolysis to include gasification: a decision 
was made early on at the consortium level to focus on a single conversion technology and a single 
feedstock, in part to promote the focused development of enabling methodologies, workflows, and tools. 
We agree that an expansion to other process conditions such as gasification, as well as additional 
feedstocks, is prudent and will be included in the upcoming project planning cycle. However, to pursue 
gasification, additional resources will likely be required. Another important consideration related to 
gasification will be its carbon efficiency in comparison to pyrolysis, so a comparison on a life cycle basis 
will help to inform the priority of thermochemical conversion processes.  

• We appreciate the reviewers’ positive comments regarding external partnerships. To clarify the 
partnership with Iowa State University, the FCIC modeling toolset has been applied to a BETO-funded 
project on BioPower with Iowa State. That project was reviewed at the 2021 Peer Review and is titled 
“Enabling complex biomass feedstock for biopower combustion and autothermal pyrolysis” (WBS: 
5.1.2.102); please see that project’s review for more information. In short, the model developed for Iowa 
State’s autothermal pyrolysis reactor has been validated with experimental data. Publications are being 
drafted on the research, so we expect to provide the final validated model result in open literature in the 
near future. We agree that having an industry partner involved in scaling up these technologies, as well 
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as helping to validate and use models developed here, would be beneficial in demonstrating project 
impact. We will consider this in upcoming project planning.  

• Regarding including the specific impacts of ash, this is an important point; we agree with this comment, 
and are actively looking to address this. The kinetic scheme could benefit from a more detailed treatment 
of the impacts of specific inorganic components to better predict yield and product distribution. 
Appropriate experimental and sample preparation techniques that can accurately isolate and measure 
these effects are also needed. Thank you for the comment about demonstrating project impact with more 
experimental data—these are fair points. The collection of experimental data has been significantly 
delayed in the past year due to lab closures, occupancy restrictions, etc. The experiments listed on slide 
33 are in fact now underway to provide validation for the particle- and reactor-scale models, and the data 
will be available soon. Our approach to model development and validation is iterative with 
experimentation and is done on a continuous basis as data become available. As for economic impact, 
this was mentioned only briefly in the presentation (slide 20) in the context of applying machine learning 
techniques to develop techno-economic modules that can be used to quickly determine minimum fuel 
selling price (MFSP) impacts. The ongoing 13- and 23-year-old tree case study will have both TEA and 
LCA components to gauge cost and environmental impacts. Regarding computational fluid dynamics 
model validation, although not covered in detail due to time limitations at the Review, extensive cold 
flow experiments are a standard practice of National Energy Technology Laboratory in their 
development of appropriate drag models, in this case to capture three-phase flow behavior (biomass + 
sand + char). 
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TASK 7—LOW-TEMPERATURE CONVERSION 
FCIC 

PROJECT DESCRIPTION 
The objective of the Low-Temperature Conversion 
task is to determine the effects of biomass variability 
on biocatalytic conversion (using both sugar and 
lignin pathways) and to develop tools to mitigate the 
risks posed by this variability. Long-term goals are to 
operate the sequential cascade of processes 
intelligently by understanding critical attributes of 
materials passed downstream and by adjusting 
process parameters that allow for tolerance of upstream complications. Researchers are leveraging laboratory 
data and existing metabolic models to develop an artificial intelligence framework to predict the effects of 
feedstock variability on microbial conversion performance—to identify the genetic basis of the impact on 
conversion efficiency. This knowledge affords these approaches to adapt to and engineer around attributes of 
feedstocks that impact conversion negatively. Statistically significant changes (>15%) in biocatalytic 
productivity and substrate utilization for feedstocks of varying quality were observed. Strikingly, conversion 
performance was impacted differentially for the sugar- and lignin-converting organisms. Similar materials 
were also shown to affect valorization of lignin via chemical depolymerization approaches. Ranked lists of 
attributes and process parameters are being used to study operational ranges of impactful components in 
feedstock streams. These results are the first of their kind to determine the effects of feedstock variability on 
biological conversion of multiple streams arising from deacetylation and mechanical refining (DMR) 
pretreatment. These data will continue to drive development of a validated artificial intelligence tool able to 
predict the performance of new organisms on variable sugar and lignin streams. 

  

  

WBS: Task 7 
Presenter(s): Meltem Urgun-Demirtas; 

Phil Laible 
Project Start Date: 02/01/2019 
Planned Project End Date: 09/30/2021 
Total DOE Funding: $2,490,000 
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Photo courtesy of FCIC 

  

COMMENTS 
• Clear concise objectives that work together. Project has been able to manage tasks across several 

national labs and is bringing in the appropriate management tools into the project. The project was 
correct in assessing that variability of feedstock can become overwhelming, especially when 
degradation, location, and other factors come into play. It isn’t clear how this project worked with other 
FCIC projects on the specific subject of feedstock variability, however. The experimental setup of the 
fermentation processes would have been of interest. Given the different requirements of each organism 
and the multitude of expected fermentation trials, I would expect to see a parallel train of fermenters 
operating under similarly controlled conditions. This tool has the potential to be immensely helpful in 
industry, but the experimentation all appears to be based on the DMR feed preparation process, which is 
not widely used in industry, if at all. This particular preparation method was selected based on the 
failures of weak acid hydrolysis on other projects. The adoption of this pretreatment method is not clear 
in industry and a poll or survey of new start-ups on their willingness to adopt the DMR process would be 
of benefit. If DMR is not adopted, the program risks undercutting the value of all of the work that they 
are currently doing. It isn’t clear why C5 and C6 sugar yields are not individual attributes, as many 
organisms are compared based on these individual metrics. A predictive performance tool for a multitude 
of organisms could be immensely beneficial to the industry and provide new pathways for fuels and 
chemicals production. There isn’t a clear handoff between the work being done in this program and 
additional work in other programs to advance the production of biofuels from these organisms through 
modified pathways. With the artificial intelligence built on the four pathways, it will be interesting to see 
how quickly new organisms and pathways can be brought into the FCIC predictive system. A future 
roadmap should help the public understand how quickly this might happen. 

• Risk mitigation strategies are not discussed. The performance metrics and success factors for several 
subtasks are not clear. Please show the CMAs studied (and why selected) and conversion data to justify 
that feedstock variability influences titers of bioconversion processes for lignin and sugars. This first of a 
kind achievement linking feedstock variability with process performance should be covered in 
significantly more detail. It’s not clear how the low-temperature process optimizations being conducted 
are relevant to feedstock variability (washing, base substitution, and neutralization). The stated 
achievements for this work are related to process optimization rather than further understanding of the 
effects of biomass feedstock variability and mitigation strategies on low-temperature processing. Brief 
discussion on why the DMR process was chosen along with the four organisms would be helpful, 
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including the commercial relevance for these choices and parallels/ translatability with other conversion 
technologies and organisms currently being deployed. 

• Task 7 brings an impressive breadth of technical developments. The presentation demonstrated deep 
technical insights for the task and strong approach in applying the current state to the next phases of 
development. The presentation did not convey well how all of these efforts tie into the overall approach 
in de-risking low-temperature conversion. Intuitively, the tasks all appear well selected but I would like 
to understand how the pieces fit together. It was not clear how this work impacts the eventual successful 
deployment of the technology. 

• The experimental work demonstrated good progress in determining which material attributes are critical 
to both the biocatalysts and conversion. The artificial intelligence approach to correlating feedstock 
variability to catalyst and conversion performance will advance the state of technology. Understanding 
how the industry partners are participating or using the results of this project would be beneficial to 
assessing the impact of this work. The end of project milestone is well stated; however, there is not a 
clear understanding of which new material attributes from Task 2 will be used in this work. A more 
detailed discussion and milestone table of the integration of low-temperature conversion (slide 9) as well 
as the final milestone would add to the understanding of progress and outcomes. 

• This project should couple well with Task 4 (data integration). The management approach is well 
defined and clearly assigns subtask responsibility to individuals. The communication strategy is well 
defined and should help to support the merits of the project’s goals. The use of artificial intelligence to 
follow the project’s metrics is intriguing and innovative. More detail related to the projected use of 
artificial intelligence would be helpful. The knowledge gap, achievement, and relevance shown in the 
progress and outcomes section of the project’s presentation is innovative. The project clearly delineates 
known knowledge gaps, the project’s achievement in each area, and the relevance related to expected 
results. It is not clear in the presentation whether or not the approach is commercially viable and directly 
transferrable to industry. That may be because this is a new start project or I may be overlooking 
something. The mention of technology transfer in the additional slides does add some additional color.  

PI RESPONSE TO REVIEWER COMMENTS 
• The Low-Temperature Conversion team (Task 7) of the FCIC thanks the reviewers for their feedback 

and thoughtful comments. The low-temperature conversion approach has been added to ongoing 
consortium efforts in recent years. We agree that systematic assessment that links feedstock variability 
with low-temperature process performance will be impactful. In addition, the predictive artificial 
intelligence built on existing experimental pathways has the potential to advance the production of 
biofuels/bioproducts from a much wider range of systems (both natural and engineered).  

• Pretreatment/organism justification: Universally, the reviewers would have liked to have more 
information justifying the use of the DMR process in Task 7. Why is it used by the FCIC? DMR is a 
low-pressure, low-severity pretreatment technology that produces very digestible material after 
enzymatic hydrolysis. BETO has invested heavily in R&D on the DMR process. Our task within the 
FCIC is specifically looking at the impact of feedstock variability on the performance of 
DMR/enzymatic hydrolysis derived streams (lignin and sugar hydrolysates). While we are working with 
a single pretreatment chemistry (DMR/enzymatic hydrolysis) we are looking for universal effects that 
may result from many other pretreatment choices (like weak acids, organosolv, ionic liquids, etc.). Thus, 
we expect our results will be informative for other fractionation processes that share common attributes 
in their streams. In the future as our research evolves, we can consider the benefits of expanding our 
research thrust into hydrolysates arising from different pretreatment methods. Regarding the selection of 
organisms, these microbes are utilized and developed in other projects in the BETO portfolio for the 
upgrading of sugars and lignin to biofuel and bioproduct precursors. Most importantly, these organisms 
are included in TEAs to report the state of technology to BETO every year toward decreasing the MFSP. 
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Examples of this state of technology work include Pseudomonas putida in “Biological Lignin 
Valorization,” Clostridium tyrobutyricum in “Biological Upgrading of Sugars,” and Rhodosporidium 
toruloides in the Agile BioFoundry (see below).  

• Individual sugar attributes: We apologize for the confusion about C5 and C6 attributes. C5 and C6 
sugars are indeed evaluated as individual attributes. In addition, C5 and C6 sugars are co-utilized by the 
organisms selected in this task (for sugars conversion), which is key to develop bioprocesses.  

• Risk mitigation: A risk in this task is that there is not enough variability in the feedstocks to generate 
significant differences in the biological conversion processes. If that is indeed the case, we have the 
opportunity to additionally evaluate the effect of various CPPs that change the properties of the streams 
(e.g., increased washing steps during the pretreatment process). The goal of changing the washing and 
pretreatment strategies was to understand the effect of CPPs on bioconversion processes in addition to 
the identification of CMAs from feedstocks. This approach ties process optimization to our ability to 
understand the effects of feedstock variability on low-temperature conversion processes. We apologize 
for not being more detailed in our discussion of this approach. 

• Inter-consortium coordination: The Low-Temperature Conversion team works closely with the Agile 
BioFoundry to coordinate performance advantages with sugar streams from variable feedstocks. The 
FCIC advances knowledge and artificial intelligence tools that identify genetic targets that can be 
implemented and tested by engineering efforts within the Agile BioFoundry. Similarly, DMR sugar and 
lignin streams are the subject of studies with the Bioenergy Separations Consortium. Advances and 
understanding derived from work within Task 7 of the FCIC influence the types of streams that are 
evaluated and processed using advanced separations technologies that they are championing.  

• Intertask coordination: The Low-Temperature Conversion team has close ties with the Feedstock 
Variability and Preprocessing Teams (i) to coordinate acquisition of materials for our studies, (ii) to 
harmonize materials used in characterization efforts, and, in addition, (iii) to integrate raw material 
CMAs from Feedstock Variability and Preprocessing into modeling efforts being developed within the 
Low-Temperature Conversion task. We are working on a joint publication with our FCIC colleagues on 
these other tasks as the FY21 fiscal year closes. This publication will include TEA and LCAs by the 
Crosscutting Analyses team of advancements in processes that change the properties of sugar and lignin 
streams that are being studied and will have utilized results for modeling that were curated and stored by 
the Data Integration efforts of the consortium. 
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TASK 8—TEA/LCA 
FCIC 

PROJECT DESCRIPTION 
This work provides intralaboratory, collaborative 
crosscutting analysis to the overall consortium. Our 
objective is to create and publish case studies to 
quantify and communicate industrially relevant, 
system-level cost and environmental impacts for the 
discoveries and innovations of the FCIC. Analysis 
tools are used to evaluate how feedstock variability 
affects economics and sustainability throughout the 
biomass-to-fuel value chain. The scope of work encompasses the value chain for high-temperature conversion 
of forest residues by ex situ catalytic fast pyrolysis and low-temperature corn stover deconstruction to 
cellulosic sugars and subsequent biological upgrading to multiple products. Case studies provide economic and 
sustainability information to help biorefinery stakeholders make informed decisions about feedstock collection, 
processing, and conversion processes to minimize or control the impacts of feedstock variability. Eight case 
studies were completed in FY21 Q1 with another 10 scheduled for completion in FY21. Preliminary results are 
presented to FCIC industry advisory board and BETO to receive feedback that is then incorporated into the 
final reports and other outreach presentations. The completed, vetted case studies will be disseminated to the 
public via technical/trade publications, conferences, webinars, and the FCIC website to provide thought 
leadership and guide research and industry toward higher impact biomass energy utilization. 

  

  

WBS: Task 8 
Presenter(s): Steve Phillips;  

Asanga Padmaperuma 
Project Start Date: 02/01/2019 
Planned Project End Date: 09/30/2021 
Total DOE Funding: $2,499,000 
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Photo courtesy of FCIC 

  

COMMENTS 
• The presentation does not spend any time detailing what is going into these estimates. The presentation 

provides the executive summaries of case studies done under this project, but the approach taken for any 
one of these is as necessary to discuss as the results of the TEA itself. In general, the reviewer would like 
to know how the current research is adjusting the model’s calculation of long-term maintenance cost, and 
amount of spares (working capital). Further, other than cost of capital and its impact on internal rate of 
return, the reviewer is wondering if there is a particular restriction on the overall capital cost of a project, 
as certain levels of equity are simply not accessible for many plants, even if the payback is there in 
theory. The amount of time working on the model itself (the baseline model) instead of process 
variations to that model would be of interest. The assumptions the model is using for cost of capital, 
working capital requirements, equipment costs, in-process storage requirements (tankage), and other 
items would be valuable to improve upon as well as provide the other projects their TEA data to justify 
their development. The project has not researched and incorporated the capital and operating costs of the 
American Recovery and Reinvestment Act projects or validated their model against these projects. This 
should prove to be a worthwhile task. The presentation falls short of providing an overall 
recommendation for certain items studied. It wasn’t clear what is the recommended approach to mildly 
or severely degraded corn stover from an LCA or TEA viewpoint according to the models. The 
cost/benefit analysis should have a result that can be shared based on current knowledge and estimates. 
The basis for MFSP is unclear for fuels such as pyrolysis oil, which really have no market and vary 
greatly by quality. Certain attributes such as oxygen content may make some fuels unsaleable, which 
may or may not be a part of the model. TEA effort appears to be well coordinated between projects and 
is being handled by a single group instead of anyone and everyone. Projects appear to be progressing in 
complexity but given the lack of actual data available from industry, the true test of a TEA has not yet 
been made. LCA work is not noted and appears to not be funded at this time. TEA work should be 
prioritized if there are conflicting needs within BETO. 

• It was exciting to see the findings of each task translated to an actionable take-home message under the 
TEA task. This reviewer recommends incorporating the TEA take home message and Ishikawa 
relationship diagrams developed under Task 8 into each task’s Peer Review presentations going forward, 
so that the industrial/operational relevance of their work and relationships between CMAs, CPPs, and 
CQAs are more clear. It’s not clear what work is being done for the LCA/environmental impacts portion 
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of the task or methodology, hypotheses, and relevance. From a project management perspective, it would 
be interesting to know more about the down-selection process and criteria used for determining which 
case studies are evaluated. 

• Task 8 approach and position among the FCIC tasks is well applied and well incorporated. The modeling 
approach is sound and model results are justifiably relied upon for guiding research and external 
commercial development. Task 8 uses a strong process of prioritizing tasks or questions that have 
sufficient impact, data, and relevance as topics for analyses. Opportunity remains to complement the 
current activities in modeling well-developed concepts near the end of the project with additional 
modeling resources to apply existing models more frequently in guiding active projects. As we reviewed 
the other tasks, it is common that the economic benefit of a research proposal or task result is not 
understood or, at least, not reported. New and existing tasks could benefit by understanding more 
accurately where the proposed benefits are derived. 

• The case study approach is a good way to breakdown the overall process into individual unit operations. 
The completed case studies focus on the added cost without quantifying the cost benefits. For instance, 
the case study on protecting corn stover bales from degradation described the added cost of protection 
but does not quantify the benefit of being able to use a greater percentage of the bale stack, making it 
difficult to know if the added cost is worth it. It appears the FY21 Case Study for the Pine Residue 
Pathway (slide 16) will integrate the impact of feedstock variability across the entire process pathway. 
Determining an estimated final MFSP, comparing the two feedstocks, will provide the biorefinery 
industry with an understanding of variability as well as the cost to reduce that variability. 

• The project’s management approach is concise, clearly defined, and assigns responsibilities. 
Communicating across four time zones could be an impediment to the project’s progress and outcome. 
The dissention of information as shown in the impact section of the project’s presentation could use 
more detail. For instance, the presentation mentions “various mediums” through which dissemination 
could occur, but doesn’t mention specifically what those mediums might be. Exploring the value 
proposition of coatings or new alloys on knife wear is a worthwhile endeavor. Citing the value chain cost 
reductions related to corn stover storage options adds value to the project’s presentation. Moisture 
control of stored corn stover is mentioned, but more detail on what is currently happening in both 
research and industry related to stored corn stover could be useful in supporting the project’s goals. 
Notwithstanding, the project’s presentation does make specific mention that minor improvements to the 
storage of stover can be accomplished economically. The case studies in the additional slides section 
lends merit to the project’s expected outcomes.  

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their thoughtful comments and the opportunity to incorporate them into the 

remaining work in 2021 and in the next research cycle for FCIC. Our responses to the comments are 
given below individually.  

• Comment: TEA effort appears to be well coordinated between projects and is being handled by a single 
group instead of anyone and everyone. Response: This approach has worked well to draw on the 
TEA/LCA experience from across BETO-funded national laboratories and to maintain consistent 
modeling assumptions.  

• Comment: The reviewer would like to know how the current research is adjusting the model’s 
calculation of long-term maintenance cost, and amount of spares (working capital). Response: The 
available operating data does not support making long-term estimates of the impacts to maintenance 
costs due to component wear such a bearings and seals. Prior cost models typically used a factor based 
on the equipment cost. We appreciate this feedback and will include sensitivity of maintenance and 
working capital on the MFSP in future case studies, when possible.  
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• Comment: The amount of time working on the model itself (the baseline model) instead of process 
variations to that model would be of interest. Response: In most cases, our baseline modeling 
frameworks have been developed in other BETO-funded work, each model representing hundreds or 
thousands of hours of work over several years. Reports on the baseline analyses are available and 
describe the underlying assumptions and approaches for each model (see 
https://bioenergykdf.net/content/beto-biofuels-tea-database for a list of BETO-funded models). Our case 
studies use variations on the baseline models to estimate the impacts of mitigation strategies for research 
being done in the FCIC when possible. Because of increased granularity and non-steady-state operating 
considerations, some studies require the development of both baseline and variation models to answer 
the case study question.  

• Comment: The presentation falls short of providing an overall recommendation for certain items studied. 
It wasn’t clear what is the recommended approach to mildly or severely degraded corn stover from an 
LCA or TEA viewpoint according to the models. Response: There was insufficient time allocated for the 
presentation to cover each case study adequately. Case studies were intentionally limited in scope to 
answer specific questions and provide insights that will inform new case studies with broader scopes. We 
attempt to consider impacts downstream, but there are still gaps in the available data that need to be 
filled. We are using the new insights gained to inform recommendations for the FCIC work in outyears. 
For example, the presentation stated that the cost of improved storage would add $0.30/GGE to the 
MFSP. From other work by Task 8.4 (biochemical conversion), it was estimated that a 2 percentage-
points increase in carbohydrates content would be needed to compensate for the additional storage costs. 
Additional cost savings are anticipated in pre-processing, but this was not within the scope of this case 
study and is a knowledge gap. LCA of the corn stover value chain was not funded in FCIC.  

• Comment: Projects appear to be progressing in complexity but given the lack of actual data available 
from industry, the true test of a TEA has not yet been made. Response: We agree. The lack of industrial 
data available to national labs does limit some of their impact, but their overall utility in identifying the 
key cost drivers is still a valuable tool for guiding researchers.  

• Comment: The project has not researched and incorporated the capital and operating costs of the 
American Recovery and Reinvestment Act projects or validated their model against these projects. This 
should prove to be a worthwhile task. Response: Unfortunately, the American Recovery and 
Reinvestment Act project cost information is not currently available to the national laboratories.  

• Comment: The presentation does not spend any time detailing what is going into these estimates. The 
presentation provides the executive summaries of case studies done under this project, but the approach 
taken for any one of these is as necessary to discuss as the results of the TEA itself Response: There was 
insufficient time to cover the detailed methodology for each case study presented. The case study details 
will be available soon in the form of publications, conference presentations, and on the FCIC website. In 
general, the details were specific to a particular study and looked at feedstock attributes and how they 
were impacted by the change being studied. For example, the corn stover storage methods TEA case 
study was based on experimental data that tracked the composition of bales of stover that were covered 
different and monitored during the storage period. Models were developed using this data and the 
impacts to cost for storage and transportation from a wider area to compensate for losses of useable 
material to estimate the changes in feedstock cost delivered to the preprocessing step of the value chain. 
Other case studies have similar methodology particulate to their area of the value chain.  

• Comment: Reviewer is wondering if there is a particular restriction on the overall capital cost of a 
project, as certain levels of equity are simply not accessible for many plants, even if the payback is there 
in theory. Response: Although there are no specified limitations on total capital investment to implement 
a mitigation strategy, we agree that it is an important metric to track and report. We typically calculate 
the installed equipment cost per unit of production (unit depends on area of value chain). The case 

https://bioenergykdf.net/content/beto-biofuels-tea-database
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studies are all based on design reports done for BETO that are used to guide the research being pursued. 
An initial set of assumptions were used in those reports (2,000 dry tonnes/day feedstock, feedstock 
logistics, preprocessing methods, conversion methods, etc.) to set the baseline estimates for what a 
process might look like to process that amount of feedstock and what the MFSP would need to be to 
achieve a target internal rate of return using a common set of financial assumptions. Changes in MFSP 
will capture if a process change is cost-effective, but access to additional capital to implement a change 
depends on factors that are outside the scope of our studies currently.  

• Comment: The assumptions the model is using for cost of capital, working capital requirements, 
equipment costs, in-process storage requirements (tankage), and other items would be valuable to 
improve upon as well as provide the other projects their TEA data to justify their development Response: 
The modeling assumptions are available in various reports covering each area of the value chain that are 
publicly available. For ex situ catalytic fast pyrolysis see Dutta et al. (https://doi.org/10.2172/1605092), 
and for DMR/enzymatic hydrolysis conversion of corn stover see Chen et al. 
(https://doi.org/10.1186/s13068-015-0358-0). These reports will provide further links to reports for the 
feedstock collection and pre-processing areas of the value chains.  

• Comment: The cost/benefit analysis should have a result that can be shared based on current knowledge 
and estimates. The basis for MFSP is unclear for fuels such as pyrolysis oil that really have no market 
and vary greatly by quality. Certain attributes such as oxygen content may make some fuels unsaleable, 
which may or may not be a part of the model. Response: Our analyses are based on finished fuel 
blendstocks in the gasoline and distillate boiling point ranges. In the biochemical pathway, there is also a 
significant contribution from a lignin-derived co-product. The cost to deoxygenate intermediate streams 
are included in our conversion models.  

• Comment: LCA work is not noted and appears to not be funded at this time. Response: LCA work is 
only planned for the catalytic fast pyrolysis of pine residues value chain due to budget constraints. 
Because LCA studies are based on the results from TEA case studies (e.g., chronologically), only one 
LCA study was completed in time for the Peer Review presentation. LCA studies are ongoing and will 
be available at the end of this year and in the next FCIC research cycle.  

• Comment: As we reviewed the other tasks, it is common that the economic benefit of a research proposal 
or task result is not understood or, at least, not reported. Response: Sharing the results of our TEA/LCA 
is an important part of our role in the FCIC. Each experimental task had a TEA/LCA component of their 
research, but due to delays in data (pandemic caused), the TEA/LCAs were not completed in time for 
other tasks to reference. Task 8 will be providing this feedback during the remaining months of the FCIC 
and beyond. This is valuable feedback; in upcoming conference and webinar presentations we will 
integrate TEA/LCA into presentations of FCIC experimental research were possible.  

• Comment: It appears the FY21 Case Study for the Pine Residue Pathway (slide 16) will integrate the 
impact of feedstock variability across the entire process pathway. Determining an estimated final MFSP, 
comparing the two feedstocks, will provide the biorefinery industry with an understanding of variability 
as well as the cost to reduce that variability. Response: This is an important series of linked studies. We 
are excited to get these done and share with external shareholders.  

• Comment: The dissention of information as shown in the impact section of the project’s presentation 
could use more detail. Response: The anticipated dissemination media include webinars, recorded 
presentations, journal articles, conference talks, trade journals, FCIC website information sheets, etc.  

• Comment: Moisture control of stored corn stover is mentioned, but more detail on what is currently 
happening in both research and industry related to stored corn stover could be useful in supporting the 

https://doi.org/10.2172/1605092
https://doi.org/10.1186/s13068-015-0358-0
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project’s goals. Response: Thank you for the suggestion. We will include this perspective in future case 
studies and follow-up work.  

• Comment: Citing the value chain cost reductions related to corn stover storage options adds value to the 
project’s presentation. Response: We agree. Thanks.  

• Comment: Project’s presentation does make specific mention that minor improvements to the storage of 
stover can be accomplished economically. The case studies in the additional slides section lends merit to 
the project’s expected outcomes. Response: We agree. More details for this study will be available in 
published manuscripts.  

• Comment: It was exciting to see the findings of each task translated to an actionable take-home message 
under the TEA task. This reviewer recommends incorporating the TEA take-home message and Ishikawa 
relationship diagrams developed under Task 8 into each task’s Peer Review presentations going forward, 
so that the industrial/operational relevance of their work and relationships between CMAs, CPPs, and 
CQAs are more clear. Response: We have a lot of work ahead of us in this task to tie together all the case 
studies and develop insights into the next round of experimentation and case studies that would provide 
the most benefit to the biorefinery industry. Thank you for your suggestions.  

• Comment: It’s not clear what work is being done for the LCA/environmental impacts portion of the task 
or methodology, hypotheses, and relevance. From a project management perspective, it would be 
interesting to know more about the down-selection process and criteria used for determining which case 
studies are evaluated. Response: Due to budget constraints, our LCA analyses were limited to the forest 
residues value chain based on catalytic fast pyrolysis and hydrotreating conversion pathway. LCA 
follows the TEA in the workflow and were not completed in time for inclusion in the presentation. The 
down-selection process was left out of the presentation to allow time to present an overview of the case 
study approach being used. 
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TASK X—PRINCIPAL INVESTIGATOR/PROJECT MANAGER 
FCIC 

PROJECT DESCRIPTION 
The purpose of the FCIC Task X project is to provide 
the FCIC with technical oversight and organizational 
support, ensuring robust operational planning and 
execution, via a lead principal investigator and lead 
project manager. This project ensures that each of the 
nine participating national labs has access to material, 
information, and resources sufficient to produce and 
disseminate cutting-edge research. This task also 
ensures that research is well coordinated between individual research projects and aligned with BETO 
objectives. To ensure that the FCIC is responsive to industrial needs, the newly reestablished industry advisory 
board ensures consortium research is relevant to commercial interests and will have a meaningful impact on 
the biofuels community. This project is responsible for outreach to industrial stakeholders and maintains 
multiple avenues of communication such as public webinars, an informational website, and a public repository 
of publications. This task also provides central organization for our QbD framework, organizing, quantifying, 
and linking critical attributes across the value chain to provide a holistic picture of the impact of variability. 
The outcome of this project is a consortium that demonstrates scientific relevance, timely output, tools and 
knowledge that can be implemented in a biorefinery, and actively managed engaged stakeholders.  

  

  

WBS: Task X 
Presenter(s): Amie Sluiter; Ed Wolfrum; 

Zia Abdullah 
Project Start Date: 02/01/2019 
Planned Project End Date: 09/30/2021 
Total DOE Funding: $1,381,000 
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Photo courtesy of FCIC 

  

COMMENTS 
• Generally, you cannot argue with the outcomes of the FCIC program so far. The goals have been or are 

being met, and are on schedule. For the scale of this effort, which is significant, this is impressive but 
also makes the reviewer wonder whether the goals have been set too low for the team. It would be 
expected that some goals and deliverables have slipped, but that doesn’t appear to be the case. I cannot 
fault the project management team for this, rather they should be praised, but with such a large task for 
such an important project, we need to be sure that we maximize our schedule. I would have expected the 
project manager presentation to be focused more on the management, approach, impact, and progress of 
the project manager function of the FCIC program. Rather than stating that there is a risk management 
plan, I would have like to have heard how risks are uncovered, tracked, and (where appropriate) 
provided with actionable tasks. I would have liked to have understood better how similar tasks are 
coordinated between projects or how data is gathered from other projects and disseminated to the subject 
matter experts for evaluation. I would like to know how the project managers are assessing progress 
during the course of scientific investigation and what metrics they are using to track progress. The 
outcomes of the project management function are impressive—a website, continued engagement and an 
advisory board, and most importantly on-schedule accomplished tasks. The project noted in their 
presentation that the best way of managing the project was by allowing cross collaboration. How this 
works should be better understood and then managed into future projects. The task of bringing the right 
feedstock through the plant gate and into the main process at maximum uptime is what I believe the 
goals of FCIC should be. Although impact of conversion is a logical question to address, this topic area 
can also distract from the overall goal. DOE rightfully does not pick winners, including feedstock types. 
However, the majority of research appears to be concentrated on corn stover and wood chips of a 
particular size. It is not clear whether this focus has come based on request from industry or whether it is 
based on the billion ton study. Certain past favorite feedstocks, such as switchgrass, were noticeably 
absent from the research. The measurement methodology of engagement is unclear. Attendance is a 
small effort that can be made by many parties looking to “green” their marketing by tagging themselves 
at a meeting. Sole Source Contracts, X-Prize like competitions, and other strategies have not been used 
to date in this environment. The current status of the 220 attributes for feedstock (or the specific number) 
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needs to be better disseminated to industry. The process or model that causes BETO to name a particular 
attribute as a CMA should be well understood and verifiable by others. BETO needs to better define 
what variability causes something to become a CMA from a regular attribute. With each CMA, there 
needs to be a proposed mitigation plan as well. FCIC does not seem to be actively involved in all of the 
projects within BETO at this moment. FCIC should be involved in upfront risk analysis of projects as 
well as assessing the sampling and testing done on other projects for correlations between operations on 
those projects and their own models. Scale-up risk cannot be validated with the tools available at this 
time within the BETO organization. Additionally, there do not appear to be any active facilities testing 
corn stover at a large scale. The projects do not appear to be equipped with an estimate of the cost impact 
of a particular piece of research, leading the reviewer to question the priority of research at this time. 
Researchers do appear to be conscious of developing cost-effective solutions, but without an estimate of 
cost impact, how is this being done? TEA analysis appears to be worked on after the fact, but not 
upfront. 

• The Task X objective is to provide scientific direction and ensure robust planning and execution. The 
program tasks presentations clearly demonstrate focus on understanding fit within the program 
organization, execute appropriate communication plans, and strive to meet milestones. The teams are 
technology focused and have a strong collaborative approach. In reviewing performance against the 
consortium refocus, the task frequently presented activity supporting QbD and nearly all appropriately 
apply first principles-based approach. The task addresses variability effects across each effort. The 
biggest gap is tasks demonstrating understanding of economic impact potential or delivery. TEA is 
clearly being performed for prioritized cases, but some tasks did not report benefit of that understanding. 

• The FCIC program is clearly well-managed. While managing multiple partners is a challenge for any 
project, it is highly valuable to leverage the expertise and capabilities of a diverse group. I would have 
liked to see a summary of feedback collected from industry that informed the scientific goals of the 
research portfolio and set the metrics for  “industrially relevant successful outcomes.” It’s not clear if 
feedback from enough pilot, demo, and commercial projects has been obtained to define the most 
pressing feedstock conversion issues for industry. Organizing the individual projects according to the 
tools and knowledge categories was impactful and appreciated. 

• The project appears to have the requisite theoretical management approach necessary for proper 
execution that should provide for the desired outcome. The project management team of three overseeing 
the collaboration coordination of up to nine national laboratories could represent a distinct challenge. 
Mentioned as a challenge in the presentation, it is recognizably difficult to work across four time zones. 
It is not clear in the presentation what the “unified vision” might be, as it doesn’t appear to be clearly 
stated. The impact of management roles related to the impact mission statement is clearly stated. The 
Project QbD Tools listed may benefit with the use of MS SharePoint and Smartsheet applications, if 
available. These tools could enhance collaboration if not already being utilized. The project’s use of the 
new FCIC website appears to offer the necessary attributes necessary for external engagement as listed 
in the progress summary. Stakeholders in both public and private sectors are clearly identified. Citing 
industry as the first technical impact is an attribute of this presentation. 

• This program is a very ambitious undertaking and is making progress toward creating a repository of 
information for FCIC. FCIC program management should ensure the results of one task are being 
utilized by others. For example, no other task appears to be using the material attributes developed by 
Task 2. Cross-task collaboration is key to the overall success of FCIC. More engagement with 
companies on the path to commercialization of sustainable aviation fuels and biochemicals is critical to 
meeting FCIC goals. Reviewing progress using a milestone table or WBS would strengthen the 
management section. There has been good work on identifying CMAs and CPPs. Adding control limits 
will increase the value of this approach especially when studying the impact of feedstock variability.  
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PI RESPONSE TO REVIEWER COMMENTS 
• We would like to thank the reviewers for thorough and thoughtful comments on the project. We 

appreciate the positive feedback regarding the success of consortium management and output. Below we 
provide specific responses to some the reviewer’s comments:  

• “There has been good work on identifying CMAs and CPPs. Adding control limits will increase the 
value of this approach especially when studying the impact of feedstock variability”; “The current status 
of the 220 attributes for feedstock (or the specific number) needs to be better disseminated to industry. 
The process or model that causes BETO to name a particular attribute as a CMA should be well 
understood and verifiable by others. BETO needs to better define what variability causes something to 
become a CMA from a regular attribute. With each CMA, there needs to be a proposed mitigation plan 
as well.” This activity is ongoing, and as we identify CMAs and CPPs, we are updating this information 
for internal use. We will release this information on the FCIC Data Hub later in 2021. Regarding the 
process or model we use to determine criticality, FCIC researchers are relying on literature information 
and subject matter expertise. In FY2021, we began investigating Failure Mode and Effect Analysis, 
which is a well-accepted method used in QbD for analyzing risk. We will be reporting on this work later 
this year. 

• “The majority of research appears to be concentrated on corn stover and wood chips of a particular size. 
It is not clear whether this focus has come based on request from industry or whether it is based on the 
billion-ton study.” The feedstocks we are currently investigating, corn stover and pine, have been chosen 
by BETO to allow us to develop tools that can be generalized to other feedstocks. The issues we are 
investigating for these two feedstocks came from 2016 BETO Biorefinery Optimization Workshop, 
feedback from our industry advisory board, and lessons learned from laboratory pilot-scale biorefineries 
at NREL and INL.  

• “The biggest gap is tasks demonstrating understanding of economic impact potential or delivery. TEAs 
are clearly being performed for prioritized cases, but some tasks did not report benefit of that 
understanding.” A predominant goal of the consortium is to disseminate results to industry. Our TEA 
analyses generally require data generation from several sources, making the TEA results necessarily 
come after a portion of the experimental work. Readable TEA summaries will be available on the FCIC 
website later in FY21.  

• “FCIC does not seem to be actively involved in all of the projects within BETO at this moment. FCIC 
should be involved in upfront risk analysis of projects as well as assessing the sampling and testing done 
on other projects for correlations between operations on those projects and their own models.” We thank 
the reviewer for this suggestion and will work with our BETO sponsors to determine how best the FCIC 
can support other BETO projects in the future.  

• “I would have expected the project management presentation to be focused more on the management, 
approach, impact, and progress of the project management function of the FCIC program. Rather than 
stating that there is a risk management plan, I would have like to have heard how risks are uncovered, 
tracked, and (where appropriate) provided with actionable tasks.” As part of the project management 
strategy, Task X keeps milestone tables and tracks risk. The milestone table was not presented due to 
length and detail. Metrics for success are identified in each milestone. Risks are identified during 
meetings and calls, and managed with tracking, Gantt charts, and communication. 
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INTRODUCTION 
The Feedstock Technologies (FT) program is one of 12 technology areas that were reviewed during the 2021 
Bioenergy Technologies Office (BETO) Project Peer Review, which took place virtually March 8–12, 15–16, 
and 22–26, 2021. A total of 18 presentations were reviewed in the Feedstock Technologies session by six 
external experts from industry, academia, and other government agencies. For information about the structure, 
strategy, and implementation of the technology area and its relation to BETO’s overall mission, please refer 
the corresponding program and technology area overview presentation slide decks, which can be accessed 
here: https://www.energy.gov/eere/bioenergy/2021-project-peer-review-feedstock-technologies. 

This review addressed a total U.S. Department of Energy (DOE) investment value of approximately $39.5 
million, which represents approximately 6.0% of the BETO portfolio reviewed during the 2021 Peer Review. 
During the Project Peer Review meeting, the presenter for each project was given 20 minutes to deliver a 
presentation and respond to questions from the Review Panel.  

Projects were evaluated and scored for their project management, approach, impact, and progress and 
outcomes. This section of the report contains the Review Panel Summary Report, the Technology Area 
Programmatic Response, and the full results of the Project Review, including scoring information for each 
project, comments from each reviewer, and the response provided by the project team.  

BETO designated Dr. Mark Elless and Dr. Elizabeth Burrows as the Feedstock Technologies Area Review 
Leads, with contractor support from Boston Government Services. In this capacity, Drs. Elless and Burrows 
were responsible for all aspects of review planning and implementation. 

 

FEEDSTOCK TECHNOLOGIES REVIEW PANEL 
Name Affiliation 
Glenn Farris* Farris Advisory Services 

John Cundiff Professor Emeritus, Virginia Polytechnic Institute and State 
University 

Sally Krigstin University of Toronto 

Jason Martin POET – DSM Project Liberty 

Dana Mitchell U.S. Department of Agriculture – Forest Service 
Jingxin Wang West Virginia University 
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FEEDSTOCK TECHNOLOGIES PROGRAM REVIEW PANEL SUMMARY 
REPORT  
Prepared by the Feedstock Technologies Review Panel 

INTRODUCTION 
The Feedstock Technologies area is an incredibly important part of the overall BETO portfolio of projects. It 
represents research and development of what is ultimately the lifeblood of any conversion project: its raw 
material. A robust industry creating advanced chemicals and fuels with biomass requires economical and 
quality feedstock production. This is the subject matter of this program area. The review panel for the FT 
program had a cross section of representatives with differing backgrounds and areas of expertise. Industry, 
government, and education perspectives were all represented and contributed strong and varied viewpoints, 
which became evident in the review comments and scoring, the ultimate deliverables for the review process. A 
selection of these scores and comments can be found later in this summary. 

The peer-review process occurs every 2 years and is meant to address progress since the previous review; 
however, this program went through a significant change in approach since the peer review in 2019. During the 
2019 review, BETO unveiled its plan to adopt a quality-by-design process for its projects. This is a process 
favored by the pharmaceutical industry. This approach will be discussed in more detail below. 

The review panel evaluated 18 project presentations within the Feedstock Technologies program. Each of these 
projects is funded by BETO either by a funding opportunity announcement (FOA) (8 projects) or as part of 
BETO’s annual operating plan (AOP) (10 projects). There were projects that were ending, ongoing, and in 
their beginning stages. Ongoing projects shifted their approach significantly since the review in 2019 due to 
BETO’s adoption of the quality-by-design concept. Ending projects experienced little in the way of this 
change, and new projects have original designs accommodating the new approach. 

The review process was straightforward. The panel listened to an oral presentation by a principal investigator 
(PI) of the project. The presentation was accompanied by a slideshow, with a question-and-answer period 
following the presentation. Each project was allocated the same amount of time and used the same format for 
their presentation. Each individual on the panel rated the project numerically and made comments with their 
assessment based upon the following criteria: 

1. Management: Have the principal investigators produced a management plan that includes  

A. A plan for communications among the project participants? 

B. Identification of project risks? 

C. Mitigation of those risks? 

2. Approach: Did the project performers develop an approach that has 

A. Significant merit to advance the state of the art of technology? 

B. Relevance to BETO program and technology area goals? 

C. Significant potential for innovation in its application? 

3. Impact: Does the project and its presentation 

A. Demonstrate a clear connection between the project approach and the potential for significant 
impact and outcomes? 
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B. Have clear commercialization potential, or have they used or have plans to use industry 
engagement to guide project deliverables? 

4. Progress and Outcomes: To what extent  

A. Has the project made appropriate progress addressing the project goal(s)? 

B. Have the accomplishments been completed on schedule with the planned approach, and if needed, 
have risk mitigation strategies have been employed to maintain project progress and schedule? 

There is no doubt that the panel feels the FT program managed by BETO is an important area for BETO’s 
involvement and support, and the peer-review process is an essential exercise to determine if the projects are 
both beneficial and addressing the problems that are blocking the success of the industry. Historically, the 
preprocessing and handling of biomass has been a chronic problem area, and the portfolio of BETO Feedstock 
Technologies projects is addressing a number of these. The following subsections are a collection of comments 
from the panel addressing several of the aforementioned areas. 

STRATEGY 
The panel was impressed by the projects in the BETO FT portfolio. BETO has set a clear pathway and goal of 
producing high-quality, economic feedstocks to support the growth of a healthy bioeconomy. For the most 
part, the projects had clear targets and go/no-go decision points and are supportive of the BETO goals and 
multiyear plan. 

The panel agreed that to meet the goal of producing products for the national bioeconomy from renewable 
resources, we need a diverse supply of feedstocks. Just a few examples are feedstocks such as willow in the 
Northeast, energy cane along the Gulf Coast, Miscanthus in the upper Southeast and Midwest, pine forest 
residues or switchgrass in Tennessee, and clean corn stover all over the Midwest. Development of diverse 
feedstocks is supported by the portfolio funded through BETO and central to BETO’s multiyear plan in 
support of a robust bioeconomy. In addition, the program has a clear strategy in support of the industry by 
setting a near-term cost target for biomass delivered to the throat of a conversion facility of $84/dry ton, or $3 
per gallon gasoline equivalent (GGE). 

There are several themes that run throughout the BETO FT project portfolio. There are projects that are 
investigating and developing state-of-the-art methodologies and advancing the state of technology through the 
following areas: 

• Identification and characterization of feedstock supply sheds. 

• Grower characterization and support. 

• Feedstock logistics and storage. 

• Feedstock handling and preprocessing. 

• Feedstock quality. 

To look at one of these areas in more detail, please consider the following: BETO shifted direction in 2019 to 
an approach pioneered by the pharmaceutical industry, quality by design. Biomass feedstock variability has 
been a chronic problem in the handling and preprocessing for biomass projects being developed that 
commercialize state-of-the-art conversion technologies. It is the opinion of all but one of the panel members 
that the shift to the quality-by-design process is a good move—that production of high-quality feedstocks to 
ensure production values and throughputs makes for a more efficient and economic outcome from conversion 
facilities. Investigating different aspects of this problem and discovering solutions is pervasive throughout the 
FT portfolio.  
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For example, pelletizing appears to be the predominant form of densification in the reviewed projects. The 
panel agrees with BETO that pelletization provides several advantages across many feedstock technologies and 
Feedstock-Conversion Interface Consortium (FCIC) projects, in addition to the advantages of densification, 
from understanding particle surface interactions to conversion-specific feedstock blending. Pelleting addresses 
many material-handling issues that arise when operating at commercial versus demonstration scale. 
Conversion facility efficiency places an emphasis on keeping the reactor up and running. Having a uniform 
blended product delivered that meets well-defined feedstock specifications has the potential to increase 
production efficiency and therefore project economic returns. This methodology also supports use of diverse 
feedstocks, as well as BETO’s regional feedstock depot concept.  

Some panel members believe that several projects might benefit from greater industry involvement. Some 
projects had excellent industry involvement with multiple industry partners, and others had just one industry 
representative. This latter scenario seems to be true mostly for AOP projects, where the main participants are 
the national laboratories and there is no industry cost share required. There is no information or discussion as 
to the process of how these AOP selections are made; therefore, it is difficult for the panel to make any 
comments in or not in support of the process. Another question the panel has is whether there are some 
industry groups or associations, such as the Renewable Fuels Association, that might get involved with the 
projects? Other choices might be forestry companies, forestland owners, power generators, and equipment 
manufacturers and suppliers.  

It is apparent from the expansion of study and research into municipal solid waste (MSW) as a desirable 
feedstock that BETO has been listening to industry as well as state and local government entities as they seek 
to deal with an ever-mounting problem of MSW disposal. The panel sees this as a positive development and 
would be supportive of more funding in this area. 

It would be useful if there was some study directed toward industry regarding the characteristics of the “ideal” 
biomass so work could be directed to achieving this ideal. One panelist finds there is an unresolved conflict in 
the objective for the overall program between achieving optimum yields of biomass versus fractionating and 
separating of components to make material more uniform and higher quality for the “next” processing step. 
The economic modeling should resolve this issue, and particular attention should be paid to this outcome. If 
not, this could create a significant gap in the work.  

BETO has a biomass properties library at Idaho National Laboratory (INL). This is a significant resource and 
accomplishment. It is beneficial to all working in the field and much needed. The current harvest knowledge 
database has grown to the point where an “equipment cost library” is needed. The panel recommends a 
template with an agreed-upon standard for calculating dollar-per-hour operating cost and dollar-per-dry-ton 
unit cost for commercially available harvest machines. This template is used for the cost analysis required for 
all BETO projects. This would provide PIs and future reviewers with a common starting point for harvest 
activities, which are not always apparent in the presentations. 

While not necessarily a gap, at least one panel member is not completely sold on the quality-by-design 
concept. Their view after the review process is that the variability in properties/characteristics of biomass are 
potentially better handled at the project level through learning how to accept this variability rather than by 
designing to eliminate it, and that biomass feedstocks may not have enough variability to warrant the resources 
being spent.  

The panel believes that the roughly 50/50 mix of FOA funding versus AOP funding has been a good 
distribution of funds, and the overall funding level has grown appropriately. The panel would like to see more 
funding available, and potentially more through the FOA process, to create greater industry participation. 
While the panel knows this is up to the appropriations process, they are supportive of BETO seeking greater 
funding.  
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STRATEGY IMPLEMENTATION AND PROGRESS 
The technology area is funding a wide range of projects addressing all areas of the supply chain and this 
problem area. A partial list of subjects investigated includes: 

• Storage methodologies and logistics. 

• Feedstock particle interaction. 

• Present and next-generation supply chain logistics. 

• Preprocessing and deconstruction of feedstock. 

• Particle size reduction and densification. 

• Risk and critical property analysis. 

As previously stated, the panel believes that BETO is funding a strong portfolio of projects, supportive not 
only of BETO’s objectives but also the needs of industry. Particular projects that impressed the panel and are 
providing strong support for this vision are: 

• Tim Volk’s project, “Improved Biomass Advanced Logistics Utilizing Woody Feedstocks in the 
Northeast and Pacific Northwest,” which serves as a good model for an operational-scale trial. His field 
days and number of stakeholders were impressive and meaningful. 

• DK Lee’s project, “Next-Generation Feedstocks for the Emerging Bioeconomy,” is an excellent project 
with good partnerships. The panel appreciated his work on evaluating ecosystem services. This novel 
approach should be considered for other applicable projects. 

• Three projects that deal with different aspects of the supply chain as to moisture management, storage, 
quality creation, and preservation that advance and provide state-of-technology solutions are: 

o William Smith’s project, “Feedstock Harvesting & Storage: Post-Harvest Management for Quality 
Preservation” 

o Lynn Wendt’s project, “Value-Added Process Intensification in the Supply Chain”  

o Jaya Tumuluru’s project, “Biomass Size Reduction, Drying, and Densification.” 

With the Feedstock Technologies portfolio, BETO is funding projects that are on the leading edge of many 
technology areas that could have far-reaching influence in several areas. For example, Lynn Wendt and Jaya 
Tumuluru’s projects mentioned above could allow for the harvest of high-moisture feedstocks such as corn 
stover, which is high in moisture early in the harvest season. Being able to avoid time spent during the dry-
down process could significantly lower cost, and these two methods can handle high-moisture materials in a 
manner that maintains quality. Maintaining quality and lowering cost are not normally two concepts 
accomplished simultaneously.  

Although the panel is singling out the above projects, there are several others that could have been mentioned, 
and the reader is encouraged to review the entire portfolio. The BETO management team is clearly working 
and managing their portfolio of projects toward their near-term/mid-term and final goals of providing high-
quality feedstock at an economical cost in support of existing and emerging conversion projects. The FT 
portfolio has moved the needle positively in knowledge, technology, data collection, and analysis in all areas 
of the supply chain, which over the long term should prove beneficial to a healthy and growing bioeconomy. 
However, as in most endeavors such as these, there is always more work to be done. 
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RECOMMENDATIONS 
The panelists have several recommendations that could prove impactful to the FT portfolio. One high-priority 
target is the need for work in applying information technologies such as data warehousing and deep machine 
learning to the supply chain delivering feedstock for the biorefinery industry. It would involve taking an 
approach similar to the quality-by-design concept by using the industrial and systems engineering discipline, 
which has developed very sophisticated analysis tools to optimize the logistics system in other industries. It is 
essential to structure the emerging biorefinery industry such that these technologies can be applied. This could 
help make for a highly efficient logistics system and potentially help quality management as well. 

It was mentioned by more than one panelist that investigation and research into feedstocks such as municipal 
solid waste is a welcome and important development for the FT portfolio. Another suggestion for new work in 
the portfolio would center around the abundant resource of forest residue. This feedstock suffers from a costly 
supply chain system. Future FOAs could focus on forest residue logistics and blending and utilization of both 
herbaceous and forest residue biomasses. Work in this area to reduce the cost for the collection and delivery of 
this resource direct to a biorefinery or to a depot for blending would provide at least two major benefits. First 
would be another economic feedstock to support continued growth of the bioeconomy, and second, this would 
provide an economic incentive and support for cleaning and reducing fuel loads of both public and private 
forestlands. This would make for healthier forests while also helping prevent natural disasters such as forest 
fires.  

Feedstock storage and processing depots are an interesting concept. They can quickly respond to market 
demands. By mixing and merchandising delivered material, conversion facilities can improve efficiencies and 
produce high-quality products from each material. Many aspects of the work on depots have been examined 
and provide input for the BETO modeling efforts; however, one area of work that is still needed involves 
understanding machine interactions to optimize which tasks should be performed at the depot and which 
should be performed in the field. Likewise, for conversion facilities that require a blended product, more 
information is needed to determine where that blending should occur. Modeling can provide an acceptable 
range of depot costs, but some performance-related variables, such as equipment delays and utilization rates, 
are needed from actual studies. For larger depots, transportation alternatives to trucking may also need 
consideration. Many of the models are being field-tested, but some are not. It should be a requirement that all 
models are field-tested, which would give higher confidence in their accuracy and results. 

When appropriate to the project, critical members of the local farming and forest community, including county 
extension agents and members of local governing boards, should be participants. If involved at early stages of 
a project, these groups might be able to help with advice, logistics, and local issues. Farmers and foresters will 
be a critically important part of the bioeconomy because they will be producing most of the feedstocks for 
conversion to fuels, chemicals, and other products. Farmers are also known for their innovation and problem-
solving skills. Greater support for and acceptance of what the bioeconomy will be asking of these communities 
would be achieved if these community members had direct involvement in projects where assumptions or 
characterizations of the farming and forest community are the subject of investigation. 
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FEEDSTOCK TECHNOLOGIES PROGRAMMATIC RESPONSE 
INTRODUCTION 
The Feedstock Technologies team appreciates the Peer Review Panel statements affirming that FT is funding a 
strong portfolio of projects across the supply chain and supportive of industry needs with no notable gaps. FT 
further acknowledges the recommendations to:  

• Apply information technologies such as data warehousing and deep machine learning to the delivery of 
feedstocks to biorefineries.  

• Continue work of municipal solid waste and center new work on forest residues logistics, as its supply 
chain is still very costly.  

• Expand work on feedstock storage and depots, including blending and modeling efforts that are field-
tested to provide accurate costs.  

RESPONSES TO PANEL RECOMMENDATIONS 
Recommendation 1: Apply Information Technologies to the Delivery of Feedstocks 
to Biorefineries 
The FT team recognizes that further improvements in supply chain logistics, including transportation, are 
needed to deliver conversion-ready feedstocks to biorefineries. The Supply Characterization Model was used 
in the 2016 Billion-Ton Report (https://doi.org/10.2172/1271651) to calculate delivered costs that include 
production, logistics, and transportation costs. This holistic viewpoint is central to the industrial and systems 
engineering framework, as recommended by the reviewers. Incorporation of industrial and systems 
engineering concepts, such as needing the context of the whole system to understand the importance of each 
component part, and industrial and systems engineering technologies, such as data warehousing and deep 
machine learning, will be included with the quality-by-design approach in future projects. 

Recommendation 2: Continue Work on Municipal Solid Waste and Center New 
Work on Forest Residues Logistics  
The FT team appreciates the support of the review panel for our recent efforts to include cost-advantaged 
feedstocks, such as municipal solid waste, in our feedstock portfolio. Such feedstocks, we feel, are central to 
meeting our out-year cost goals of $2.50/GGE by 2030. Forest residues have been a focus of three past FOA 
projects in the FT portfolio and one current AOP project in the Analysis & Sustainability portfolio. All address 
the logistics of collecting, handling, and transporting these residues for bioenergy applications. FT will seek 
future opportunities to revisit forest residues to help meet FT or BETO goals.  

Recommendation 3: Expand Work on Feedstock Storage and Depots, Including 
Blending and Modeling Efforts 
The FT team appreciates and shares the review panel’s interest in feedstock storage and depots. Maintaining 
feedstock quality through storage is key to meeting our delivered cost goals and ensuring delivery of 
conversion-ready feedstocks. As competition for feedstock increases due to the establishment of additional 
biorefineries, depots will be necessary to preprocess the biomass into conversion-ready feedstocks. FT will 
seek future opportunities for funding depot concepts as the bioenergy sector expands, including blending and 
identification of tasks to be performed at the depot versus the field. 

 

  

https://doi.org/10.2172/1271651
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NEXT-GENERATION FEEDSTOCKS FOR THE EMERGING BIOECONOMY 
University of Illinois Urbana-Champaign 

PROJECT DESCRIPTION 
Perennial bioenergy crops (e.g., switchgrass) have 
shown a great potential to improve ecosystem 
services with higher biomass production on 
marginally productive croplands compared to the 
traditional row crops (e.g., corn/soybean). This field-
scale study focused on new high-yielding switchgrass 
cultivars for improving biomass yield/bioenergy 
production and ecosystem services on marginal lands across the Midwest (Illinois, Iowa, Nebraska, and South 
Dakota). Biomass yield was evaluated using commercial-scale production practices, and the ecosystem 
services provisions included soil quality, greenhouse gas emissions, water quality and quantity, and 
biodiversity. In general, the preliminary results showed that the new switchgrass cultivars (“Liberty” and 
“Independence”) increased biomass yields by 25% and 50%, respectively, compared to the predecessor 
cultivar (“Shawnee”) in the first harvest year. Compared to the corn production system, switchgrass production 
improved the system’s ecosystem services with an approximate fivefold mitigation of N2O emissions, ~30% 
reduction in NO3

− leaching, and an increase in crop water use efficiency. Furthermore, this project is exploring 
the use of remote sensing and machine-learning modeling for ecosystem services and biomass yield estimation 
for future bioenergy crop production scale-up. So far, this study has shown promising results in meeting the 
BETO goal of producing feedstock for <$84/ton with >6-ton/acre yield, to develop productive, cost-effective, 
and sustainable bioenergy feedstock production systems on marginally productive croplands across geographic 
locations in the Midwest. 

 

WBS: 1.1.1.105 

Presenter(s): DK Lee 

Project Start Date: 10/01/2018 

Planned Project End Date: 09/30/2024 

Total DOE Funding: $5,000,000 
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Photo courtesy of the University of Illinois Urbana-Champaign 

COMMENTS 
• The report of progress on the introduction of new switchgrass varieties is impressive. This project has a 

very impressive team assembled to address the crop production and ecosystem services questions. I 
believe much will be learned about switchgrass production on this marginal land. I have some questions 
about the project that caused me to choose a lower "impact" rating. If I have misinterpreted, I apologize 
to the project participants in advance.  

1. BETO wants to talk about a 2,000-dry-ton/day plant. For a plant this size to locate in the region being 
studied, the feedstock from the marginal lands will not be sufficient to supply the plant year-round. 
Presumably it will need to be supplemented with corn stover from additional land. What is available 
within a 30-mi radius, 50-mi radius, etc.? Maybe a depot (400 dry tons/day) can locate in the region and 
ship to the 2,000-dry-ton/day plant. I hope a scenario will be selected (as agreed to by BETO) and 
delivery cost analysis done based on this scenario.  

2. I think I have interpreted the slide 9 data correctly. For example, $44/Mg × 10.5 Mg/ha = $462/ha 
gross income. The graph shows $100/ha net income. The cost is then $462 – $100 = $362/ha. I interpret 
this to mean the payment to the farmer to grow crop, harvest (large rectangular bales), and place in 
roadside storage. The $100/ha is then the profit (return to land and labor). Is this correct? How does this 
cost compare to the payment to a custom harvest contractor to collect corn stover in large rectangular 
bales and store them in roadside storage? How does the $100/h compare to the current payment for corn 
stover lying on the ground after grain harvest? These data are available from the biorefinery operation in 
Iowa and should be available for comparison from BETO.  

3. Can switchgrass at 6-ton/acre yield be dried sufficiently (<20%) to bale into large bales and stored in a 
stack? Does this require delayed harvest with a partial dry-down before harvest? This project is well 
positioned to answer these questions if it falls within the scope of work. 

• Best management practice development is being used as a major success factor. It is not clear what best 
management practices will be developed. It may be planned in budget periods 4 and 5. I think best 
management practices can be developed earlier and their application and effectiveness can be accessed in 
budget periods 4 and 5. There are many ways to do the modeling work in ag/forest ecosystem services. 
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Using machine learning is very appropriate and challenging, especially on the algorithm’s selection and 
data set preparation for consistency and robustness. How do you decide the size of both the training and 
testing data sets to optimize the outputs of desired results, and what are the major factors affecting 
uncertainty of the machine-learning modeling? How do you evaluate the machine-learning models in 
terms of basic criteria such as R2, root-mean-square error, p-values, and model validation? Does the 
machine-learning model necessarily perform better than traditional statistical models? The study layout 
is good. However, its scale is still small to indicate or imply the major benefits of ecosystem services. 

• Management: Longer-term project, still lots of time to complete. The project is quite all-encompassing 
for determining overall viability of switchgrass. I assume that the PI has looked at other regions 
(international) for their experience with this crop. This is a large project and will require a focused 
approach to the project management aspect alone. Very impressive mix of collaborators covering the 
various aspects of the supply chain. The use of measurable critical success factors is an innovative 
method to manage a research project. I personally have not seen it used this way. This will help to keep 
the project focused and on track. I am wondering if the PI has also developed key performance indicators 
for each of the critical success factors. This would help to make the progress measurement highly 
relevant to the critical success factors. There is not much emphasis on identifying risks to implementing 
the strategy, which would be helpful to think about. There would be a lot of information from other 
jurisdictions about this crop that could be used to determine some risks and mitigation strategies, 
especially on the technical side of the project.  

Approach: This is a very hands-on project, with the need to collect a lot of field data. This type of project 
requires a great deal of coordination. There is a risk that data do not get collected (e.g., failure of 
measurement devices). I’m not sure the redundancy built into the study will ensure the measurements 
and data will be collected as required. This project has a component to evaluate and compare ecosystem 
services on different crops. There is a value to this that should be incorporated into all life cycle 
assessments (LCAs) and techno-economic analyses (TEAs). Very innovative approach! This project will 
serve to demonstrate the applicability and benefit to this specific biomass crop. Uptake by industry will 
depend on their results. The methodologies to evaluate ecosystem services is valuable for future work of 
researchers in this area.  

Impact: Thought has been given to being inclusive with the information. Excellent proposal for the on-
site field visits to demonstrate best management practices. In addition, the public data repositories are 
beneficial for making the extensive demonstration information available to a wide range of stakeholders. 
It might be important to put a focus on farmer associations. The practitioners can assist in the project 
development stage and will be in a more favorable position for uptake, as they will learn as the project 
goes.  

Progress/Outcomes: Development of tools that can be applied to other trials and biomass, such as the 
artificial intelligence and remote sensing model, is very valuable. There is a good deal of evaluation that 
has taken place. Congrats, nice work. 

• Management: Team members include specialists from all areas to be addressed by the tasks. The 
strategic plan does not specify determining harvesting production rates and costs. It is not clear whether 
the harvesting costs are included in the regional feedstock cost-rate model, or if that only includes crop 
production. Feedstock quality is addressed in Objectives 1 and 2 but was not further addressed in the 
slides. Risk identification and mitigation strategies are not outlined. It is not clear if there will be risks 
associated with harvesting in riparian zones or in poorly drained marginal areas. The impact of the 
project may be further clarified if an estimate was provided of the number of acres that could be 
potentially produce switchgrass. Riparian and poorly drained marginal sites often have accessibility 
issues for transport; this could be a risk that should be identified to further clarify which lands would be 
suitable for switchgrass production.  
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Approach: The approach addresses delays related to spring flooding impacting field preparation. This is 
a project on marginal land, and flooding should have been addressed as a risk. It does not address any 
weather-related issues with harvesting in November/December. Harvesting when wet may impact 
feedstock quality, such as ash content and/or moisture content, potentially resulting in storage issues.  

Impact: The project clearly describes the field data collection process and outreach activities. New 
decision-making tools may help farmers decide whether to plan perennial energy crops. Site data go 
beyond the expected information and include avian acoustic monitoring and a survey of insects and 
pollinators. Collaboration with biorefineries is included to provide critical access to conversion 
technology insights with produced feedstock. However, feedstock quality and characterization are not 
addressed as part of the project; they are mentioned in Objectives 1 and 2. Feedstock chemical 
composition is noted on slide 15 but was not included in the approach.  

Progress and Outcomes: The project is showing positive results related to yield of the various cultivars. 
Field data collection has continued through fiscal years (FY) 2019 and 2020. Ecosystem services impact 
assessment is making progress through remote sensing and field data collection. Nitrate leaching is being 
compared between switchgrass and corn.  

Overall Impressions: This presentation did not address harvest logistics or feedstock quality in any 
meaningful detail. This information is crucial for stream-side management zone buffer or wet site 
operations. Avian acoustics data collection is interesting, as are some of the other environmental services 
included in this project. There may be a loss of observational data to inform commercialization of 
harvesting when using machine-generated production rates. 

• The management team is strong with an excellent cross section of national laboratory, university, and 
industry partners. There is a strong communications plan that includes the farming community, which is 
an added plus that too often is not included in BETO projects. The strategy has clear, well-defined 
quantitative goals for their go/no-go decision-making, and risks with mitigation plans have been 
developed. The project approach should, if successful, advance BETO's Multi-Year Program Plan 
(MYPP) and will provide a useful tool. One significant drawback is that I believe this model, with the 
comprehensive inputs that it has, appears to me to be applicable to any geography, not just the Midwest 
as advertised. I would urge BETO to consider additional project work to test this model in other areas of 
the country. The approach is linked to the outcomes, which have had significant communication of their 
results through local stakeholder outreach, industry partners, publications, and a webpage. It appears all 
the project goals were met. Risk mitigation strategies were employed, such as replanting when some 
plots suffered due to weather complications. I do like that the model was developed with field-tested 
data, and this can give one great confidence in the model's results. One weakness is the lack of inclusion 
from the farming community on their view of the benefits of using these plants in their operations. 

• There is a good management plan for the project, noting the risks. The project approach is clear and 
relates to the goals and desired outcomes with clear potential for planting switchgrass on lower-
performing land. The pursuit of yield data is clear and very well articulated; the cost of the operation is 
not yet defined. It could be beneficial to establish predicted costs and costs goals early in the project so 
the project plan can be nimble and adapt to meet both goals, yield and cost. What input costs are 
predicted year over year to sustain yield? With a few updates to the project management plan to focus on 
cost, this project is very exciting, as the core yield looks to be promising.  

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their constructive comments and suggestions for the summaries of 

theswitchgrass project selected from the FY18 Affordable and Sustainable Energy Crops Funding 
Opportunity. As we are starting the third year of the 5-year project and the second growing season, we 
are accumulating the information that directly answers the questions posed by the reviewers. We 



2021 PROJECT PEER REVIEW 

 

858 FEEDSTOCK TECHNOLOGIES 

understand the importance of a sufficient supply of feedstock for a large-scale commercial biorefinery, 
the availability of marginal lands, and the quantification of feedstock supply from marginal lands. To 
help address this question, this project focuses on the TEA of the new high-yielding switchgrass cultivars 
with best management practices and feedstock logistics based on the data we will collect from the field-
scale operation, including input costs during the project period. The results will provide key information 
to quantify the regional availability of marginal lands and the associated feedstock production potential 
to provide tools to help local producers to make decisions for converting marginal lands to switchgrass 
feedstock production. To increase the impacts of this project, we are planning to have on-site field days 
and stakeholder meetings and develop outreach educational materials to demonstrate the benefits of new 
switchgrass cultivars for sustainable biomass production for the region. We also agree with the 
reviewer’s comment that the TEA results from this project could be applicable to the geographic regions 
beyond the Midwest, which will require further testing of our model.  

We appreciate the reviewer’s comment on reemphasizing the importance of the best management 
practices for switchgrass feedstock production and feedstock quality. One of the main objectives is 
developing best management practices for switchgrass feedstock production on marginal lands in 
conjunction with the determination of feedstock quality. As we are currently making progress in the 
field-scale feedstock production practices, we will summarize the best management practices specific to 
high-yielding bioenergy-type switchgrasses on marginal lands, including establishment, post-
establishment management practices, and harvest management and logistics. For all feedstocks, we 
produce each growing season across all locations. We will estimate the feedstock chemical composition, 
potential ethanol yield using saccharification and fermentation, and mineral composition.  

We appreciate the reviewer’s comment on ecosystem services. Ecosystem services are very important 
components of bioenergy feedstock production, especially on marginally productive croplands, and this 
project will continue to demonstrate the ecosystem services benefits of switchgrass production such as 
improving soil carbon sequestration and health, reducing nutrient loss, and improving biodiversity. We 
believe that our experimental design with field-scale practices is adequate to measure such ecosystem 
services. The inclusion of the machine-learning aspect has the potential to further increase prediction 
across these field-scale studies by the inclusion of other explanatory variables that can affect ecosystem 
service provisioning. Studying biomass yield and ecosystem services at the field scale is important, as 
this is the level in which the potential payment of ecosystem services is targeted, based on current 
ecosystem service market programs in the United States.  

We appreciate the reviewer’s comment on machine learning. We will conduct a sensitivity analysis on a 
range of training-testing data set splits, starting with the standard 70–30, then the lower (50–50) and 
upper (80–20) ranges, respectively, to determine an optimum value for each cultivar across geographic 
locations. The difficulty of generating large volumes of quality data is a major factor affecting the 
uncertainty of the machine-learning modeling task, which is particularly true for greenhouse gas 
emissions data where we are dealing with hot moments (i.e., times during the growing season when 
fluxes are relatively more intense) and may not be captured with a sparse temporal sampling scheme. We 
will consider a machine-learning model to be robust if it has an R2 of 0.75 across the target parameters of 
interest (e.g., biomass yield, greenhouse gas emissions) and least values of root-mean-square error and 
mean absolute error between measured and predicted values at the testing phase. Machine learning is 
suited for multi-/hyperparameter problems (where traditional statistical models do not perform well) 
such as predicting biomass yield and peak evapotranspiration as a function of a plethora of explanatory 
variables including land marginality, crop management, soil properties, topographic factors, and climate 
without necessarily knowing the governing structural functions (linear, nonlinear, mixed, etc.) and 
satisfying certain assumptions (linearity, normality, etc.). 
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SUSTAINABLE HERBACEOUS ENERGY CROP PRODUCTION IN THE 
SOUTHEAST UNITED STATES 
Texas A&M University 

PROJECT DESCRIPTION 
This proposal assesses the economic viability and 
environmental sustainability of producing advanced 
energy cane and biomass sorghum in the southeast 
United States. Its overall goal is to optimize 
sustainable biomass supply from energy cane and 
biomass sorghum over the diverse edaphic and 
climatic environments in the southeast United States 
through implementation of three major objectives: (1) characterize the seasonal dynamics of biomass 
production of energy crops in multiple edaphic and climatic environments, (2) quantify the impact of energy 
crop production on environmental sustainability, and (3) develop site-specific best management practices to 
optimize biomass production, harvest, and storage. Field experiments using three genotypes of energy cane and 
biomass sorghum each are being conducted at seven sites (three in Texas and one each in Louisiana, 
Mississippi, Georgia, and Florida). Data collection includes biomass yield and quality, carbon footprints, 
biodiversity, and other environment data. Integrated analysis on economic viability and environmental 
sustainability will be conducted to determine the best management practices on biomass production, harvest, 
and storage and to develop site-specific year-round biomass supply plans. We have successfully established 
energy cane experiment plots in all seven sites and collected biomass sorghum in 2020. 

Outcomes from the proposed project will support the Bioenergy Technologies Office’s main strategic goal of 
reducing the price of biofuels to less than $3/gasoline gallon equivalent, reducing the cost of feedstock 
delivered to the conversion reactor throat to less than $84/dry ton, and increasing the availability and 
affordability of biomass-derived transportation fuels and bioproducts. 

 

WBS: 1.1.1.108 

Presenter(s): Ted Wilson 

Project Start Date: 10/01/2018 

Planned Project End Date: 09/30/2023 

Total DOE Funding: $4,999,539 
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Photo courtesy of Texas A&M University  

COMMENTS 
• The team members and their responsibilities need to be presented to help monitor the project’s progress. 

It is not clear how to optimize the sustainable energy cane and sorghum production among different 
states in the study area while land uses, stewardship, and landowner participation must be considered. I 
understand the progress and outcomes are pretty much based on only 1-year data and results. However, 
the data analysis and interpretation need to be improved in the coming years, such as the number of 
observations for each measurement and number of replications. Some details are also needed to explain 
analysis of variance and principal component analysis data and results. 

• Management: PI has shown groups that will participate in the project, but it would be helpful to 
understand who exactly oversees each aspect of the project. This is a large and complex project and 
involves a number of sites and a large amount of data collection. A lack of good project management is 
high risk to successful completion of the project. This project is in an early stage, and perhaps some of 
the management issues have not been fleshed out at this time. Some technical and project risks have been 
identified, but there is a lack of mitigation strategies.  

Approach: Comprehensive study. Not sure if there is an intention to scale up to commercial level, via 
best practices information for farmers beyond the site-specific management practices proposed. Would 
like to see some outreach to the farming community for feedback on the project and for early adoption if 
project proves successful. Also, not clear as to industry involvement for planting and harvesting 
equipment.  
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Impact: Good early-stage project for evaluating the feedstock establishment and growth. Hopefully it 
will identify where the roadblocks are for commercialization and larger field trials.  

Progress/Outcomes: Some good initial results on the biomass growth. Project is proceeding as described. 

• Management: Project team involves researchers from a variety of southeast U.S. universities and the 
U.S. Department of Agriculture (USDA) Agricultural Research Service. Team communication plans are 
presented. Collaborations with related projects are listed and indicate that the project will tier to other 
projects and INL. Industry and landowner partners are not listed but may be involved through the various 
team members. There is an industry partner (Verd) that is interested in taking both the sorghum and 
energy cane, but their role was not clearly defined. Risks are identified, but mitigation isn’t clearly 
addressed.  

Approach: The approach is clearly communicated but could do a better job of tiering it to the BETO 
program and technology area goals.  

Impact: While the team is knowledgeable, outreach to stakeholders or growers is not addressed.  

Progress and Outcomes: Harvest yield, invertebrate study, nitrogen use, and soil information was 
presented. Although harvesting has occurred, there were no results for feedstock quality. The discussion 
on how to deliver material over the longest delivery window was interesting. The project examined the 
trade-offs for harvest timing versus yield that were interesting in relation to a typical focus of 
maximizing yield.  

Overall Impressions: This is a big project with biomass plantings across the southeast United States. The 
research team is strong, and the project will benefit from ties to other biomass programs. Much of the 
first 2 years was spent in growing and planting the experimental sites. The next steps are fairly well 
defined and will provide information on a variety of topics such as economic viability, environmental 
sustainability, best management practices, and operational plans for a year-round biomass supply. 

• The management team has a clear plan, good communication, and cross-referencing with other projects 
and labs. I would have liked to have known who the individual project members are, and the risk 
identification and mitigation strategy was not clear to me in all cases. The approach's goals have been 
explained, such as addressing the economic viability, and will be impactful to BETO's goals of 
promotion of bioenergy crops, which will be required to meet strategic and production goals of a vibrant 
bioeconomy. What I did not see was: What is the approach or road map to achieve this result? It appears 
to be too early to judge the project impact in a broad manner; however, there was an opportunity to 
communicate how the work to date will contribute to end-of-project goals of ascertaining the economic 
viability of energy cane and biomass sorghum. Solid progress was made toward the project's goals. 
Overall, the schedule appears to have been maintained, but it is unclear whether the schedule was met or 
there was slippage because no clear monthly, quarterly, or annual schedules were presented. Even 
though the score may seem overly penal, this is mainly due to the presentation, not the project or its 
results. I feel this project is well worth the effort, and solid progress has been made, and herbaceous 
crops such as biomass sorghum and energy cane will become important not only to the bioeconomy, but 
to the farming communities of many areas of the country, especially the Southeast. 

• The model for high-tonnage, high-moisture crops, like the crops being studied in this project, is sugar 
cane. The presenter did not discuss harvesting or storage. It will be interesting to learn if ensiling will be 
considered. I am glad it is not my job to supply a biorefinery year-round with energy cane—large 
challenge. 

• This project is very interesting and supports the diversification and potential growth of feedstock 
commodities. In the end, all sources of biomass will be relied on to provide energy for society, as the 
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only way to address potential climate change is to recycle carbon as opposed to using fossil fuels. This 
project is a great step in understanding the potential of energy cane. Great work, thank you. 

PI RESPONSE TO REVIEWER COMMENTS 
• The reviewer’s comments on some aspects of our research are understandable given the multifaceted and 

highly integrated focus of our project and the presentation time constraint that limited the detail that can 
reasonably be presented during peer review. Our point-to-point responses are presented as following:  

Harvest and storage: The studies on feedstock quality and post-harvest biomass storage are integral parts 
of our sustainable herbaceous bioenergy feedstock production project. As described in our project 
proposal, post-harvest biomass storage will be conducted in Budget Periods 3 and 4. We will evaluate 
biomass loss and composition change 3, 6, and 9 months after harvest under both aerobic and anaerobic 
conditions. Analysis on year-round biomass supply for different harvesting options will be carried out in 
Budget Period 4 (years 4 and 5). Feedstock quality analysis is scheduled to be conducted in Budget 
Periods 3 and 4.  

Roles of industry partner and outreach to stakeholders or growers: Verd Company is our industrial 
partner and will analyze the industrial-level conversion of biomass sorghum and energy cane feedstock 
from our project into bioethanol through a process referred to as ethanol-ensiled technology. Verd aims 
to lower the complexity and number of operations, resulting in simplified fuel ethanol production. The 
key for lowering complexity, risks, and costs is the production and storage of target product molecules 
within silage piles. Verd will also provide an industrial perspective for the technology transfer and 
potential upgrades in biomass feedstocks for commercialization. Outreach to stakeholders will be 
achieved through field tours conducted across the seven experimental sites spanning from the 
southeastern border of Texas with Mexico, east-central Texas, mid- and upper Gulf Coast of Texas, 
southern Louisiana, north-central Mississippi, and southern Florida. The results from this project can be 
broadly categorized as addressing the economic viability and environmental sustainability of cellulosic 
crop production in the southeastern region of the United States and will be distributed via conference 
presentations, extension bulletins, and as online media.  

Risk mitigation: Risks were identified, and appropriate mitigation strategies were summarized during the 
presentation. If additional risks are identified, appropriate mitigation strategies will be developed. 
Regular team meetings are integral to the project’s success. We have clearly defined responsibilities for 
individual PIs and maintain regular communications (emails, conference calls, and virtual meetings) 
regarding project status and upcoming plans to timely identify and mitigate any risks.  

Approach on optimizing the sustainable energy cane and sorghum production among different states: 
Biomass production and sustainability are impacted by site-specific weather and soil conditions, land use 
patterns, and production economics. This project is designed to collect critical data on biomass 
production and economic and environmental sustainability from seven representative sites across the 
southeast United States, which will be incorporated into an integrated analysis system to identify site-
specific strategies for optimizing biomass production, increasing economic profitability and improving 
environment sustainability. Land use patterns, stewardship, and landowner participation will be key 
factors in the integrated analysis. Land parcels suitable and economically profitable for energy cane and 
biomass sorghum production will be identified across the southeast United States, and site-specific best 
management practices will be developed for sustainable biomass production. Enterprise budgets are built 
based on costs for commercial biomass feedstock production and management. We have thoroughly 
tested and perfected our integrated analysis approach, which will be carried out at a range of spatial 
scales from individual fields to farms and to the entire southeastern United States. The degree with 
which spatial variability in crop productivity and economic and environmental costs are captured by our 
project exceeds what is currently available for a very large majority of integrated analysis systems. This 
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intrinsic component of our analysis system will greatly facilitate the scaling up of cellulosic production 
at commercial levels. 
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NEXT-GENERATION MISCANTHUS: HYBRID PERFORMANCE 
EVALUATION AND ENHANCED, SUSTAINABLE FEEDSTOCK 
PRODUCTION AND SUPPLY IN THE SOUTHEAST UNITED STATES FOR 
BIOFUELS AND BIOPRODUCTS 
North Carolina State University 

PROJECT DESCRIPTION 
Giant miscanthus is a perennial grass with potential 
to meet the growing needs of a U.S. bioeconomy 
through high yield and positive environmental 
impacts as part of a suite of emerging regionally 
specific, diversified renewable feedstocks. Through a 
10-year breeding program, 15 advanced, high-
biomass-yielding triploid hybrids of giant miscanthus 
with increased dry matter yield and propagation capabilities over standard currently available commercial 
miscanthus lines have been developed. This project is progressing to exploit high-yielding characteristics of 
newly developed varieties, capture relevant data to address gaps in knowledge surrounding impacts on local- 
and watershed-scale soil and water ecosystems, and generate field data to address barriers in harvest 
operations, handling, and transportation options that affect affordability of giant miscanthus as a viable 
feedstock in different U.S. regions. The project team is taking an integrated, multidisciplinary approach to 
define crop production and management practices around a miscanthus cropping system, including decision-
making opportunities in variety selection, land use, water use and quality, soil health impacts, harvest methods, 
storage, and siting. Findings will support the dissemination of miscanthus feedstock and supply chain 
parameters to databases serving advancement of a U.S. bioeconomy. 

 

  

WBS: 1.1.1.109 

Presenter(s): Mari Chinn 

Project Start Date: 10/01/2018 

Planned Project End Date: 12/31/2022 

Total DOE Funding: $4,627,161 
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Photo courtesy of North Carolina State University 

COMMENTS 
• Because of the high yield, I understand the need to fund a project on Miscanthus. The project team has 

the expertise and organization for a successful project. Little detail was given in the presentation 
concerning harvest and storage; I will make some comments here that I hope will be helpful. The 
challenge is year-round supply of the biorefinery. I hope that there is an opportunity to "campaign" 
feedstocks, meaning that Miscanthus will be supplied part of the year and another feedstock (or 
feedstocks) will be supplied for the remainder of the year. Winter harvest will be possible in eastern 
North Carolina. (Wet fields will limit the days harvest can proceed.) Extending the harvest season 
provides an opportunity for harvest and direct shipment. Getting Miscanthus dry enough for storage in 
bales is problematic. Ensiling is an option—costs are well known—in bunker silos or silage bags. 
Another option is wrapping high-moisture round bales to achieve the "ensiling." These options are 
higher-cost options. One question of interest to me, can we harvest Miscanthus and deliver direct 4 
months of the year in eastern North Carolina? If so, what is the average delivered cost? 

• The team has collected hand/manual harvest data and will provide these data for Oak Ridge National 
Laboratory to use the Integrated Biomass Supply Analysis and Logistics (IBSAL) model to conduct 
supply chain analysis. These data may not be representative of the commercial-scale harvest for IBSAL 
to simulate. Best management practices will be developed in years 4–5. They can be developed earlier in 
year 3 and implemented in years 4–5 to assess their effectiveness. It is also not clear what specific best 
management practices will be developed. In the summary slide, what specific "interesting data sets" will 
be generated to evaluate supply chain functional efforts? 

• Management: Diverse project team comprising North Carolina State researchers. There are limited 
external collaborators. This project might benefit from involvement from some other stakeholders, such 
as farmers, to assist with concept verification and farming practices. Good identification of project 
management objectives for the three groups.  

Approach: A lesson learned during the development of short-rotation hardwoods was that marginal land 
gave marginal productivity. Has work been done on these hybrid Miscanthus in various regions to 
demonstrate their potential yield? I don't have enough background on the project to provide a meaningful 
comment.  

Impact: Might be helpful to identify roadblocks to scale-up of the crop as the project evolves. Even if 
some of the project objectives are met, this may not lead to high uptake or commercialization. Personally 
don’t understand the DNA work, but hopefully this is addressing more fundamental science questions. 
These are fairly small trials, so there is a fear that the chemical testing will not demonstrate variability in 
properties that would help to define the suitability of this crop. See slide on compositional analysis. 
Can’t see rejecting or really favoring any of those materials, yet testing is quite burdensome. This is also 
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the quality of fresh biomass, so how meaningful is that to what goes into the gates of the biorefinery? 
Storage is such an important step affecting quality.  

Progress/Outcomes: Early results are not that indicative of success of the approach; difficult to evaluate. 

• Management: The project team includes researchers from various departments at North Carolina State 
University, a national lab, and two industry partners. Project risks are identified, and mitigation measures 
addressed. There is a risk that there won’t be a measurable difference between varieties, but that 
information also adds to the knowledge base.  

Approach: The approach is detailed for site selection and crop productivity on the replicated trials and 
describes what is to be sampled and analyzed. The plots are 8 m × 8 m (26.24 ft × 26.24 ft). This plot 
size seems too small for a harvesting trial. There seems to be a disconnect between the individual plots 
and the harvesting diagram. The various approaches include a schedule of accomplished and continuing 
activities.  

Impact: The project clearly connects the various activities to each other. This project also has a regional 
scale, which furthers the potential for significant impact and outcomes for these newly developed 
varieties of miscanthus.  

Progress and Outcomes: Initial results on survivability, yield, and compositional analysis have been 
presented. The schedules provided for each approach clearly indicate that progress is being made.  

Overall Impressions: The scope of this project is regional, and as such, provides broad knowledge for 
growing miscanthus as an energy crop in North Carolina. From site selection to growing, harvesting, 
feedstock analysis, and storage, this robust project addresses interesting gaps in the knowledge base. 

• This project has a strong project team with recognized industry leaders and well-stated goals. This 
project will help advance BETO's MYPP through informing industry with solid information about the 
use of the Miscanthus hybrids studies. The management plan as presented doesn't have a 
communications strategy, which would seem to be important with three distinct teams looking at three 
diverse issues, or a strategy about how project results will be communicated to industry. While project 
risks and mitigation strategies did not appear in the project management section, they were addressed in 
the section on project approach. The project approach is comprehensive and will provide valuable data to 
any project developer wishing to explore the use of Miscanthus as a feedstock. The results will also 
inform models that will be useful to developers and farmers alike, and the project will advance the 
BETO goal of promoting the use of herbaceous energy crops. The project's impact can be recognized in 
the approach; the approach is clearly geared toward development of models and information to support 
advancement of its impact. The project's impact statements fell short by one step: What plans are being 
developed to not only add information to the database and tools for developers to use, but also to make 
this known to industry? There has been clear progress addressing project goals and a clear timeline has 
been presented, delineating not only the task and goal, but also the percentage of completion. Progress 
has been less than 100% realized on many tasks based upon the timeline presented. More explanation of 
why goals in the timeline are behind and necessary mitigation steps, if applicable, need to be presented 
in more detail. The project is well on its way to producing the goals as outlined, and it will advance 
BETO's goals for energy cropping systems. Strengths outweigh weaknesses, which can be addressed 
with minor changes. 

• Well-managed project with some risks identified. This project is certainly raising the bar on state-of-the-
art varieties of Miscanthus. The project potential for impact and outcomes is pretty high in my opinion, 
with clear commercialization potential. Certainly a lot of impressive science being performed as well. It's 
encouraging to see that we have biomass options, as I feel we will depend on the land to supply us in the 
future. Well done. 
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PI RESPONSE TO REVIEWER COMMENTS 
• Thank you to the reviewers for providing comments and feedback on our project. During the 

presentation and in the written comments, it is encouraging that the work we are doing is stimulating 
conversation and interesting research questions around miscanthus as a cropping system. The variety 
(Yr1) and agronomic trials (Yr3) are being completed in the smaller plots as described at three different 
site locations across the state to evaluate productivity on marginal soils/fields for 5 of the 15 advanced 
miscanthus hybrids developed. These are referenced as standard sites for the project. The harvest 
experiments and the hydrologic modeling efforts are being completed on 8 acres of an established 
miscanthus crop that is in a separate field from a standard site on the same farm. This space is referenced 
as the harvest site and the watershed site for the project, and activities are coordinated between the 
project team members. The project supports the research of three primary areas—crop performance, 
sustainability, and supply chain—and while the objectives of the project are divided in this manner, the 
research efforts are highly integrated in decision-making, material sourcing, and data interpretation. This 
is possible because the teams working on these three areas have members that cross over into one or 
more of the other two areas. The advanced miscanthus hybrids are the technology for this project, and 
the North Carolina State University breeder is continuously in communication with interested parties 
about material use and licensing. Aside from working with Iogen and Novozymes North America to 
demonstrate that the crop produced meets industry specifications, the project team has several extension 
specialists and is accustomed to sharing data and technology developments with stakeholders at field 
days, workshops, and other organized events. As the project progresses and restrictions from COVID-19 
are removed, these types of outreach activities are likely to take place. Progress on the timeline presented 
was adjusted to reflect the 6-month no-cost extension approved for budget period 1 based on the 
university's response to COVID-19, research and travel restrictions, service lab closures, limited 
equipment availability, and back-ordered reagents and DNA/RNA kits. The manual harvest data that the 
team is collecting will quantify the biomass being produced, especially at times when there may be 
considerable leaf drop, so that we can determine how efficient the mechanical harvest operations being 
studied are at collecting the miscanthus material (e.g., how much material is being left behind with each 
operation/pass). These data, in addition to the machine data, can be incorporated into the modified 
IBSAL model for analysis of our defined scenarios. We are collecting miscanthus harvest data in 
October/November and February/March in the harvest site, which will provide useful information 
surrounding supply, composition, and machinery efficiencies. The team has also related storage 
feasibility data for annual and perennial biomass crops that can support addressing storage and 
composition quality questions that arise from this project for year-round supply of diversified biomass 
sources, including miscanthus. DOE support has allowed the experience of our team members who have 
worked with miscanthus over the last decade in the different project areas to effectively integrate so we 
can define more meaningful outputs and practices around this emerging energy crop. 
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CHARACTERIZATION OF MECHANICAL BIOMASS PARTICLE-PARTICLE 
AND PARTICLE-WALL INTERACTIONS 
Pennsylvania State University 

PROJECT DESCRIPTION 
Forest residue feedstocks include a mix of particles 
including bole wood, bark, needles, and twigs. 
Similarly, corn stover is a complex bulk material with 
properties influenced by anatomical content such as 
rind, pith, nodes, leaves, and cobs. The resulting 
feedstock flow behavior varies due to differences in 
the anatomical origin and percentage of each fraction 
in the bulk feedstock. It is because the bulk feedstock behavior is the manifestation of responses of particles 
and their interactions at the underlying scale. Friction and adhesion are thought to be the two dominant 
interactions between biomass particles or particle-wall surfaces affecting the flow, which is a key mechanical 
phenomenon describing feedstock handling. This project aims to develop micro-mechanical test devices and 
protocols to characterize biomass particle and interparticle properties that are sub-millimeter to several 
millimeters in size, typical to ground biomass particles. Upon successful completion, this project will result in 
the novel knowledge of values and variabilities in the friction and adhesion between (1) biomass particles and 
(2) biomass particles and a common wall material in biomass handling systems. This novel knowledge will 
enable innovative design and manufacturing engineered biomass supply systems to handle, store, and deliver 
conversion-ready feedstocks consistently through innovative biomass handling modeling, such as discrete 
element modeling. 

 

WBS: 1.1.1.114 

Presenter(s): Hojae Yi 

Project Start Date: 10/01/2019 

Planned Project End Date: 03/31/2023 

Total DOE Funding: $707,323 
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Photo courtesy of Pennsylvania State University  

COMMENTS 
• I classify the research funded by this project as the most basic of the several projects in the group being 

reviewed. It is in the "physical properties" subject area, which is not my area of expertise. I understand 
that the goal of the research is increased understanding that will ultimately lead to improvement in size 
reduction technology. The program at Penn State has long-standing expertise in the study of particle 
interactions, and Forest Concepts has an admirable, widely recognized reputation in the development and 
commissioning of size reduction technology. I expect impressive results from this project. One issue that 
is faced when particulate materials are transported is the influence of vibration. The particles tend to 
clump together and may bridge in such a way that it is difficult to get these materials to flow. An 
example is a truck on a truck dump being lifted to allow material to flow out the back. An example 
question is, do we know if a blended feedstock (25% switchgrass and 75% pine forest residue) will flow 
out of a chip van when it is dumped? If this project yields results that are applicable to this question, I 
hope this will be addressed in the final report. 

• In addition to southern pine residue and corn stover, why was mixed hardwood residue not considered as 
a feedstock for experiments? Hardwood residue is abundant in the mid-Atlantic region and other parts of 
the country. Testing southern pine residue and corn stover particles separately are fine. In reality, we mix 
particles of multiple feedstocks. How will the mixture of multiple feedstocks affect the results and the 
test instrument design? A brief/plan is needed on how this extensometer can be commercialized for a 
broader application. 

• I think it's important to gather a broad understanding of the physical characteristics of biomass at a micro 
level. This work could eventually help industry improve material-handling machines. To this point, 
biorefineries have struggled with material handling of corn stover feedstock. I think it would be 
beneficial to expand this project in two directions. First, how do harvest conditions including moisture, 
ash, and storage method affect the test results? Second, what do industrial machine providers need for 
data to improve machines? This work will be beneficial, and a little more work to consider and engage 
application upstream and downstream could help to improve the data set. 

• Management: The team membership includes the knowledge and equipment necessary to see this project 
through to its completion. The communication plan described using Zoom and Microsoft Teams. The PI 
identified critical success criteria, but not in a risks and mitigation manner. He recognized that particle 
analysis sounds simple, but things can get complex quickly. Tasks and scheduling were identified.  

Approach: The PI gave a convincing presentation of why the micro scale of particles matters in biomass 
handling. Researchers have devised a method to modify a micro extensometer (elongation stress test) to 
characterize mechanical properties of two types of blended biomass (residues and corn stover). Small 
particles, 2 mm, will be tested using digital imagery. A risk was identified related to accurate 
measurement of the contact area; mitigation of that risk is not yet clear but will be incorporated into the 
project’s implementation. The project is robust in that it will use residues that include stems, leaves, 
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husks, and cobs from corn stover and wood chips, needles, bark, twigs, and small branches from logging 
residues.  

Impact: The impact of the project will provide information on biomass handling, storage, and deliveries. 
Specifically, it could result in understanding whether further handling would be required to screen, 
debark, or further treat 2-mm delivered material. It takes energy, time, and money to grind material to a 
2-mm size.  

Progress and Outcomes: Progress was displayed on a Gantt chart. The project appears to be on track by 
budget periods. No roadblocks or delays have been identified in budget period 1 or with the initial tasks 
associated with budget period 2.  

Overall Impressions: Feedstock rheology is an important but often overlooked characteristic for biomass 
handing. This $707,323 project will examine friction and adhesion properties of two common types of 
biomass. It is unclear whether the tested particle size, 2 mm, is representative of what markets will 
demand. 

• Management: Very clear outline as to responsibilities. Is there a risk in depending on Forest Concepts for 
a lot of the work? If they are a for-profit organization, their priorities may change. There could be some 
additional thought given to risks. One risk may be that the measurement focus may not correlate to 
meaningful practical metrics. Small project team. Critical success criteria could be: (1) develop a means 
of measuring biomass particle interactions and (2) apply evaluation to corn stover and pine residues 
(friction and adhesion)  

Approach: Excellent fundamental research. The road to industrial utilization could be long-term, which 
doesn’t mean that this work is not valuable. Very impressed with the scaling of the nano equipment 
measurement for particle size. Would like to see a list of all characterization that will be done on the 
particles. At what stage in the process is this scale of particles important?  

Impact: At what stage in the industrial process is this scale of particles important? Need to scale the 
information to chips or ground material. This work is very relevant for composite materials, where very 
precise feed rate is very important. Is the PI working with a theoretical model that can be related to a 
practical measure such as flow or agglomeration propensity? I don’t see the path to practical application 
to this excellent research.  

Progress and Outcomes: Results thus far look to be on course with expectations. 

• There is a good management team, communication plan, goals, and project timeline. I believe there 
needs to be more detail on potential risks and mitigations plans added. I would have liked to have seen 
what the basis of the go/no-go decision was or is. The project approach is solid and not only builds upon 
previous BETO work, but if successful in understanding the particle-to-particle and particle-to-wall 
interaction causing adhesion, the project conclusions could also help immensely in solving a serious 
handling problem for the industry. The project doesn't necessarily create innovation as much as it will 
develop information to make way for innovation. If the goal is met to enable engineering of successful 
preprocessing and handling systems to produce feedstocks that enable conversion systems to work 
reliably, there is no downside to this project. It could be significant in its impact. The project met its 
goals and timeline and employed mitigation where needed. It will be exciting to see the project as it 
moves into the future.  

PI RESPONSE TO REVIEWER COMMENTS 
• This project focuses on characterizing interparticle mechanics of milled corn stover and southern pine 

residue following the FOA requirement. Based on the correlation analysis between particle scale 
measurements and bulk scale flow properties, we expect to gain insights into the flow characteristics of 
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anatomical fractions and blended samples of each species, which will be included in the final report. We 
are focusing on milled biomass passed through a 2-mm screen as the most widely used reactor-ready 
biomass feedstock for thermochemical conversion to liquid fuels and polymers. The choice of biomass 
particle size is intentional to impose better control over variability analysis. The main focus of this 
project is to quantify the variability of inter-biomass particle properties between different species (corn 
stover versus southern pine residue) or different anatomical origins at different moisture contents. To 
characterize milled biomass particles of multiple feedstocks, we are developing multiple force sensor 
beam designs with varying resolution and precision for varying mechanical properties expected from 
milled biomass particles of different species and anatomical origins. Another potential risk in the 
accurate estimation of contact area will be higher in the case where the biomass particle surface is 
excessively uneven. We have plans to mitigate this challenge, including microscopic imaging of surface 
or characterization of surface profile using a precision surface profilometer prior to the sample 
preparation. Also, the variability of inter-biomass particle properties may be more considerable than 
expected, which will require more extensive numbers of tests than planned. To mitigate this potential 
risk, we plan on using the Bayesian statistics approach, which will provide additional statistics on the 
variability and correlation with probability rather than a wide confidence interval. Also, we can consider 
adding the number of tests on biomass particles from more abundant and important anatomical origins to 
maximize the impact of the project with a higher confidence level.  

Budget period 2 focuses on developing a micro-mechanical device appropriate for measuring the 
proposed inter-biomass particle properties, whereas budget period 3 focuses on the measurements. 
Naturally, the budget period 2 go/no-go decision criterion depends on the successful development of 
micro-mechanical devices for characterizing friction and adhesion between biomass particles and 
between a stainless-steel surface and biomass particle collected from different anatomical fractions of 
corn stover and southern pine. This project will be among the first efforts to produce direct knowledge 
on the expected variability of bulk biomass properties emerging from the particle-scale measurement. 
This project will produce critical and as-yet unavailable measurements for a discrete element modeling 
approach. An accurate discrete element modeling approach is expected to impact engineering practice to 
overcome the prevalent problem in handling biomass. We will explore patenting the developed design of 
a micro-mechanical biomass particle test device. Depending on the technical difficulty of developed test 
protocols, we will pursue commercialization of the test device or characterization services. More 
importantly, we will pursue developing test and data standards that the industry can adopt.  

Based on the findings of this study, we expect that future research will explore a wider variety of 
biomass samples and conditions, including moisture, ash, storage method, and particle size. We also 
expect that experimentally determined particle-scale properties will advance the calibration of discrete 
element modeling by providing particle-level mechanical properties that must be inferred today. 
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FEEDSTOCK SUPPLY CHAIN ANALYSIS 
Idaho National Laboratory 

PROJECT DESCRIPTION 
The geographic distribution, low bulk density, and 
wide variability of biomass types, moisture levels, 
and compositions making up the billion tons of 
biomass potentially available for bioenergy creates a 
unique challenge to the development of reliable, cost-
effective biorefineries to provide low-cost, high-
volume biofuels that can compete with petroleum-
based fuels. This foundational project leads the development of the pathway to the 2022 MYPP targets for 
development and verification of feedstock supply and logistics systems that can economically and sustainably 
supply industrially relevant quantities of herbaceous feedstocks for biochemical conversion at a delivered cost 
no higher than $85.51/dry ton (2016$) and contributes to meeting a delivered feedstock cost target of 
$71.26/dry ton, in support of achieving the $2.50/GGE minimum fuel selling price target for 2030.This project 
investigates both conventional feedstock supply systems and a number of advanced (active quality 
management) feedstock supply system strategies, including blending and commoditization of biomass to meet 
modeled cost, quantity, and quality specifications required to meet long-term BETO biofuels production, cost, 
and volume targets. Beyond design case development and annual state-of-technology (SOT) tracking, this 
project performs high-impact forward-looking analyses toward enabling the development of advanced 
feedstock supply systems. The project was last merit reviewed during FY 2020, and its current 3-year cycle 
runs through FY 2023. 

 

WBS: 1.1.1.2 

Presenter(s): Dave Thompson 

Project Start Date: 10/01/2020 

Planned Project End Date: 09/30/2023 

Total DOE Funding: $3,000,000 
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Photo courtesy of Idaho National Laboratory 

COMMENTS 
• This project presents the DOE goal of $85.51/dry ton. Analysis is presented for a 2,205-dry-ton/day 

plant. The analysis is put into perspective for me if I suppose the surrounding land area within a 30-mi 
radius is in feedstock production, and the average yield is 3 dry tons/acre. It will require 13.4% of the 
total land area to supply the 2,205-dry-ton/day plant. If the yield averages 1.5 dry tons/acre, the 
requirement is 26.8%. The key question is, how many locations in the United States could support this 
size biorefinery? If the analysis was done presuming that a series of depots would supply the large 
biorefinery, this was not explained in the presentation. Your analysis of the processing options is 
impressive. In order to properly evaluate the current biorefinery knowledge base, I need to know 
processing cost as a function of plant size. For example, suppose the processing cost for a 400-dry-
ton/day plant is $3.00/GGE, as compared to $2.50/GGE for the 2,000-dry-ton/day plant. The feedstock 
cost at the 400-dry-ton/day location is $0.50/GGE, giving a total cost of $3.50/GGE. The feedstock cost 
at the 2,000-dry-ton/day location is $1.00/GGE, giving a total of $3.50/GGE. Both locations can 
compete in the market. At a higher level, why does BETO care if the cost is $3.53/GGE for blended 
feedstock in Tennessee, $3.74/GGE for energy cane along the Gulf Coast, and $4.00/GGE for willow in 
New York? (These figures are for discussion only.) Let the competition take place at the liquid fuel 
level. If a liquid fuel supplier has a demand for x million gallons of renewable fuel, they will buy $3.53 
as long as it is available, then $3.74, then $4.00, if needed. The biorefinery industry will build out 
accordingly. The use of the $84/dry ton goal in the FOA implies that a project will be nonresponsive if 
the project team calculates a higher average delivered cost. I hope this is not the case. If I have 
misinterpreted, I hope the project manager will clarify. In order to realize the potential of the Billion-Ton 
study to meet the nation's renewable fuel needs, we will need a variety of feedstocks (all of the above). I 
am a firm supporter of the diversity of projects funded by BETO. By agreeing to be a reviewer, I hope I 
have helped move the biorefinery industry forward. 

• In first-plant or nth-plant design, there are two major components of analysis for each equipment used in 
the block flow diagram: risk and cost. I understand scale-relevant data is a major challenge. In addition 
to that, what are the major risks considered in the analyses, and how can they help enhance the 
robustness of the analytical results? It seems preprocessing presented the highest greenhouse gas 
emissions compared to other processes. It was not mentioned how the technology advancement can help 
reduce the emissions. Cost progress has been discussed from 2018 SOT to 2019 SOT and beyond. 
Transportation cost was changed from $31.56/dry ton in SOT 2018 to $12.22/dry ton in SOT 2019. What 
was the major driver for that change? On the other hand, tech advancement was introduced in FY 2019–
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2020 for preprocessing. However, preprocessing cost seems to increase steadily. It is not clear how this 
cost can be reduced as tech advancement being used in the future plant design. 

• Management: Appreciated the clear description of the evolution of this project. Slide 3 was very helpful. 
The risk to the successful completion of the project is a major one (i.e., lack of sufficient scale relevant 
data). Detailed description of management structure provided.  

Approach: Level of detail presented is very helpful (i.e., top-three technical challenges).  

Impact: Excellent attempt to validate the work with presentations to Drax, ExxonMobil, and Shell, as 
well as at international meetings. This will obviously help to steer the project and make sure that it will 
be of high impact.  

Progress and Outcomes: The model will become more impactful as new technologies that may better 
homogenize the biomass can be included. Is its application also to predict the savings of applying these 
technologies before they go into full development—for example, if a new air classifier can produce a 
few streams with higher quality? I have some reservations about the value added to fractionated 
materials, and this model should hopefully help to elucidate their value through the whole supply chain 
and bioconversion process. 

• Management: Management includes two teams with heavy representation by the national labs. Project 
management brings together other project managers and their research outcomes. There is a tightly 
structured communication plan. The schedule and progress are milestone-driven.  

Approach: The approach outlined is broad and incorporates research findings on growth, yield, 
harvesting, collection, and transport of biomass. Technical challenges (risks) are identified and address 
such topics as the lack of complete data sets for harvesting and preprocessing across multiple biomass 
resources.  

Impact: This project is a technical application of funded research. If a new approach requires new tools, 
this project develops ways to model it.  

Progress and Outcomes: Progress and outcomes are on target.  

Overall Impressions: This is a foundational project that relies on other BETO-funded projects for 
information to develop a supply chain analysis. 

• This project coordinates and tracks progress across several BETO projects and seeks to develop and test 
veracity of the information and put in one place this information and tools to aid industry in the 
development and design of state-of-the-art supply chain and preprocessing systems for feedstocks for 
conversion across multiple conversion techniques. The team has an excellent communication plan and 
multiple annual milestones to keep the project on track. The project team has developed a solid approach 
from a technical standpoint that recognizes the challenges and has plans to meet them. I am again not 
sure what is included in the feedstock harvesting and delivery costs, and these seem to be higher than 
what industry is already doing. While the project in innovative and informative, I am unsure of what it 
does to drive innovation. The project has a very good plan, has made progress to inform industry where 
the SOT is, and has developed good analytical tools. To the extent the project addresses industry 
problems and is suggestive of solutions to these problems, the project will be impactful and advance the 
BETO MYPP. For example, if the project can provide a design basis addressing material bridging and 
plugging, then it will be very impactful to project developers. The project has made significant progress 
and has stayed on its timeline, adhered to the plan, and used mitigation techniques where needed. I find 
this project could be very informative and impactful for industry. However, I would like to see the 
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results discussed with industry already performing on a commercial scale some of the processes being 
modeled. 

• This project is well managed and very informative. I particularly appreciate the granularity and cost 
breakdown of feedstock costs. In time, these feedstock costs may stay the same as the quality of the 
preprocessed feedstock and the value climbs. I believe this work is a very real steppingstone for the 
advancement of corn stover and other biomass feedstocks. Impressive work, thank you. 

PI RESPONSE TO REVIEWER COMMENTS 
• Our role in the BETO FT platform is to develop supply system design cases to determine the research 

and development performance targets necessary to achieve BETO goals, as well as track research and 
development progress toward achieving those targets. Additionally, we help to develop innovative 
approaches that may not be obvious with forward-looking analyses that consider new equipment and 
system configurations that may be utilized. We have research and development projects looking at 
material bridging and plugging, as this project is focused on cost, quality, and operational impacts; when 
sufficient data/models have been collected/developed to include these impacts in our cost and operating 
effectiveness analyses, we will inform BETO and industry on their relative impacts to operability and 
cost. We have shared our results with industry and are continuously looking to them for at-scale 
information to better inform our stochastic models in regard to equipment performance and downtimes.  

For both first-plant and nth-plant designs, the major risk in the analyses is the uncertainty in biomass 
composition and quality. For cost it is the uncertainty in biomass yield. Technology developments can 
help to reduce greenhouse gas emissions in preprocessing through looking for lower-energy-intensity 
equipment for comminution, looking for process efficiency, and ensuring that you have the right 
equipment for the different feedstock characteristics. Additionally, finding opportunities for process 
intensification can contribute to reducing greenhouse gases.  

The transportation cost change referenced is from the ex situ catalytic fast pyrolysis case in the 
supporting slides. The 2018 SOT for this case utilized 100% clean pine, whereas the 2019 SOT utilized 
50% clean pine and 50% residues. Hence, the difference was due to increased resource density close to 
the biorefinery. Preprocessing costs projected for 2022 are higher, but this included leaching of a small 
fraction of the residues to reduce ash. Preprocessing costs through the 2020 SOT were decreasing due to 
the conversion process relaxing the ash specification from 1% to 1.75%. The ash specification for 2022 
will be back to 1%, and so the high ash lights fraction, which will not be leached, will need to be 
repurposed for value-added applications in a different market with a value higher than their cost at the 
point of removal from the preprocessing system. A collaborative analysis among North Carolina State 
University, Oak Ridge National Laboratory, and INL performed during 2020 found that at the 2022 
target delivered feedstock cost of $79.07/dry ton (2016$), 124 depots and 59 biorefineries of this scale 
could be supplied with 42.8 million dry tons of blended corn stover and switchgrass (blended to meet the 
carbohydrate specification). The manuscript for this work has been accepted for publication in Applied 
Energy and is in press.  

Regarding preprocessing cost as a function of plant size, we have done some sidebar analysis directed 
toward this question with the National Renewable Energy Laboratory to support one of their 2019 
milestones for the herbaceous case. Because of economies-of-scale issues for the conversion process, 
2,205 dry tons per day is about the smallest size that can be overall economically competitive. To 
support their milestone, we did an analysis looking at corn stover and switchgrass supply for biochemical 
biorefinery sizes ranging from 100,000–800,000 dry tons/year (304.9–2,439 dry tons/day) and delivered 
costs of $50–$85/dry ton. We presented those results at the 2019 AIChE Annual Meeting, but they are 
unpublished. We found that the maximum quantities of feedstocks delivered at smallest biorefinery size 
were 108 million dry tons of three-pass corn stover, 46.6 million dry tons of two-pass corn stover, and 
32.8 million dry tons of switchgrass. As the size of the biorefinery increased, the quantity delivered 
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decreased, highlighting the diseconomy of scale that is present in feedstocks. While not a part of this 
project, within the FCIC we are working with the biochemical conversion TEA group at the National 
Renewable Energy Laboratory to explore the cost trade-offs of improved conversion performance/lower 
costs of running the conversion in campaigns of individual stover tissues. We found an increase of 
$0.01/GGE (2016$) in the minimum fuel selling price due to the addition of air classification in 
preprocessing, while on the conversion side they found a reduction of $0.31/GGE due to more efficient 
conversion. 
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SUPPLY SCENARIO ANALYSIS 
Oak Ridge National Laboratory 

PROJECT DESCRIPTION 
The goal of the project is to provide DOE and 
bioeconomy stakeholders with biomass feedstock 
data needed to develop strategies to de-risk the 
biomass supply chain. These data include information 
regarding biomass feedstock quantity and cost, as 
well as environmental effects associated with 
producing, harvesting, and transporting biomass. 
Because these data can vary by feedstock type and spatial distribution, they should be generated under 
assumptions that reflect specified bioindustry scenarios. For example, biomass feedstock data should reflect 
the scenario-specific feedstock demand characteristics regarding type, quantity, and spatial distribution of 
feedstock required. Economies of scale from the position of the biorefinery, and “nth-plant” mature-industry 
feedstock use, run counter to potential diseconomies of scale in feedstock supply. This project applies 
feedstock supply analytics to account for these scenario-specific feedstock supply attributes. Furthermore, 
understanding the environmental effects of marginal additions of biomass in the United States or in a region, as 
well as the intersection of cost and environmental effects, can help DOE and bioeconomy stakeholders identify 
feedstocks and regions that constitute the best opportunities to grow biomass. An additional objective is to 
examine trade-offs or synergies between price and environmental effects as biomass supply, especially energy 
crops and residues, increases across the United States.  

 

COMMENTS 
• This is impressive work, and I hope my brief comments here can contribute. Feedstock costs do tend to 

come down (less haul distance, less haul cost) when the facility size is reduced. This was pointed out in 
the "biopower" slide. One issue, and I do not know if it falls within the scope of work for this project, is 
the competition than can develop between a biopower plant and a biorefinery. In Virginia, we have a 
wood-fired electric generating plant that competes with a paper mill for wood chips. At the time I studied 
this issue, the electric plant operated "spot market," which I found amazing. How can they do that and 

WBS: 1.1.1.3 

Presenter(s): Matthew Langholtz 

Project Start Date: 10/01/2020 

Planned Project End Date: 09/30/2023 

Total DOE Funding: $1,125,000 
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get 150 loads per day? The issue is this: How can a 2,000-dry-ton/day biorefinery compete with a series 
of small biopower plants scattered across their supply shed? Contract considerations become key in 
supply chain analysis. I mention two considerations from the standpoint of a feedstock contractor: (1) 
length of contract (multiyear), practically of concern if I plant switchgrass to get a contract, and (2) a 
contract rider tied to energy prices (if energy prices go up, I get to participate; I also take part of the hit if 
prices go down). I appreciate the "increasing nitrogen use study." Did not know that this work fell within 
the purview of BETO projects. I did not understand the "parallelization" slide. In general, most of the 
slides in all the national lab presentations had too much information. I understand the problem when you 
have a lot to cover. 

• The Billion-Ton study/report is a great piece of work and has been cited and refenced by many 
researchers nationwide. As the PI mentioned, increased precision has not increased accuracy of the 
results/data. I am wondering if the models used in the Billion-Ton study could be validated with 
regional- or state-level results, given that many states do have relatively robust biomass production and 
availability data. The data by the Forest Service in Forest Resources of the United States, 2017 
(https://doi.org/10.2737/WO-GTR-97) could also be used to some extent for comparisons and validation 
purposes. The Forest Sustainable and Economic Analysis Model is used as the major tool to estimate 
forest biomass production/yield at a county level of a state. How is this model validated for applications 
nationwide? It is not clear what the major assumptions are in the model. The Forest Vegetation 
Simulator by the Forest Service is a good tool to project growth of biomass potential. PIs present 
impressive, refereed publications. Carbon sequestration of logging residue and whole trees were 
considered in the analysis. Mill residue should be also considered. I also assume whole trees here refer to 
entire trees harvested only for biomass. Some details are needed for future work of supply chain 
analytics. 

• Management: The project team has a clearly defined management plan. Risks regarding attributes and 
the impact of those were acknowledged. A communication plan that includes interactions with BETO 
program managers and other working groups was also presented.  

Approach: The approach discusses current and future work that is relevant to the BETO program. The 
project performers are developing approaches to look at subcounty-level data. This change is significant 
because it changes the scope of the project from thousands of counties to millions of fields.  

Impact: This project is an integration of data into the Policy Analysis System Model (POLYSYS). It is 
closely connected to many other BETO portfolios and spans the full supply chain. The list of supply 
chain publications is evidence of the range and impact of this project.  

Progress and Outcomes: An analysis of how the supply response would change in response to market 
pull was just one example of the project’s progress and outcomes. This project could examine future 
supply chain scenarios as future research results are added to POLYSYS.  

Overall Impressions: This project can examine future supply chain scenarios as future research results 
are added to POLYSYS. A strength of this project is the team membership. This team is able to pull 
together a variety of interrelated research results to examine the economic impacts of various supply 
chain scenarios. 

• Management: Not a lot of detail provided. A plan for active dissemination to industry would be helpful 
in addition to the academic papers. Is there a website where this information is available to the public? 
Are there any risks or roadblocks to project implementation/completion?  

Approach: While the objective is obviously important, in that biomass supply/cost data need to be 
available for the development of the bioeconomy, I had a hard time following the technical side of the 
presentation. One aspect that was mentioned in a few presentations was the benefit to ecosystem services 

https://doi.org/10.2737/WO-GTR-97
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of certain crops. Is this incorporated in the model? Realize that there may not be enough data available to 
model this at this time. I didn't follow how the nth-plant scenario was developed, but this is a useful 
process, as it will help to identify the areas where the most significant savings can be made to reduce the 
costs.  

Impact: This project is obviously valuable, as this is information that is absolutely required for 
biorefinery development, especially on the regional basis.  

Progress/Outcomes: From the presentation, I was not clear as to whether the information presented was 
done as part of this project or is information that had already been derived. It would be nice to see a clear 
picture of the expected deliverables for this project. 

• The project has clear management plans and risks. The project has clear goals to maintain the current 
system and improve it to support DOE. There is less clarity on what data will be generated, but it appears 
the project goal is to generate data requested by others to support industry. It's unclear to me if the 
project intends to focus on what biomass is already out there currently or what is possible based on 
demand, or both. It appears that the project can generate data sets and manage data accuracy risk through 
peer review. It appears this project is a continuation of an already established modeling system, but it 
seems important to maintain and improve this model. 

• There is a good project management team with an adequate communication plan that involves other 
BETO projects, as well as recognition of project risks. I am not sure that mitigation plans are adequate; 
for example, erroneous resource or supply cost data may not be mitigated with peer review, but certainly 
can be mitigated with field data gathering. I don't see the approach as innovative or necessarily providing 
for innovation. The future work to obtain subcounty (individual field/farm level) data would be valuable, 
but I am not sure how you would get these data. Individual farmers are very reluctant to share such 
information, and many are developing efforts to monetize these data. For these field-level data to be 
useful, one would have to not just gather field-level data on yield, but also agronomic and farming 
practice data; for example, what seeds did the farm use, how and what fertilizers were applied, and 
when? Then one might be able to model best management practices at the farm level that would be 
useful for interaction of developers with farmers. The models and information can inform and be of 
value to other projects. Project data can be used to benchmark other data sources and models to find gaps 
and/or discrepancies within each other. The project impact could be significant if the modeling was field-
tested to ascertain its veracity and thereby build confidence in its use. The project has kept up with their 
timeline, and the proposed outcomes are interesting in the least. For example, there was more than one 
reference where large swings in supply were not represented by corresponding swings in price. It would 
be interesting to follow this to a conclusion. A question to be answered would be if this is because 
biomass doesn't travel well, meaning you cannot move it long distances economically. The project has a 
chance to have significant value across the BETO project chain by taking steps to field-test the model 
results. It would also be useful to go deeper to understand what affects yields and supply at the field 
level, such as best management practices at the field level.  

PI RESPONSE TO REVIEWER COMMENTS 
• We agree with the suggestion to mitigate resource supply and cost data uncertainty with field 

confirmation. County-level yields were derived from the Sun Grant Initiative Regional Feedstock 
Partnership field trials (https://doi.org/10.2172/1463330); the project would benefit from reviewing the 
crop budgets, which influence adoption production response. We agree that the subcounty field data 
would be an asset and may be difficult to collect, but we have found that the Gridded Soil Survey 
Geographic Database data combined with the Cropland Data Layer can provide subcounty crop and soil 
attributes, possibly also the Common Land Unit data set, all from USDA. We agree that simulations of 
best management practices would be an asset, and we are exploring options to quantify environmental 
effects of biomass production based on subcounty attributes (e.g., soil type, slope, and proximity to 

https://doi.org/10.2172/1463330
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water). The PI should have clarified that the primary data generated is county-level biomass production 
(as a function of price, year, and scenario), available at https://www.energy.gov/eere/bioenergy/2016-
billion-ton-report. These data are fairly static for resources that exist today (i.e., wastes, residues, and 
forestland resources); the energy crops are scarce today but have growth potential assuming adequate 
market demand.  

We agree that USDA Forest Service data are useful for validation. Transportation cost is a factor that 
adds cost and is quantified in case studies in the latest Billion-Ton Report. The U.S. Forest Service 
Forest Vegetation Simulator was used in the 2011 Billion-Ton Report, and the U.S. Forest Service’s 
Forest Inventory and Analysis data are inputs in the Forest Sustainability and Economic Assessment 
Model. Mill residues reported by USDA are included as secondary wastes in the biomass supply data.  

We agree that competition for biomass resources among new end uses should be considered, and 
following Peer Review, BETO requests new emphasis on understanding market-based cost-minimizing 
biomass allocation for fuels, power, products, and decarbonization. Feedstock contracts that begin in a 
specified year are simulated in the POLYSYS, but question of a contract rider tied to energy prices has 
not been included. This is a good suggestion and should be explored. This could be simulated by varying 
offered feedstock price. We note that environmental externalities are not included in our supply analysis 
but strongly agree that they can and should be. We thank the reviewers for the constructive suggestions. 

  

https://www.energy.gov/eere/bioenergy/2016-billion-ton-report
https://www.energy.gov/eere/bioenergy/2016-billion-ton-report
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SEED PROJECT: CHANGES OF PRICE ELASTICITY OF SELECT WASTE 
FEEDSTOCK WITH INCREASED DEMAND 
Oak Ridge National Laboratory 

PROJECT DESCRIPTION 
The objective of this project is to support the Waste-
to-Energy platform and the Feedstock Technologies 
platform with projected feedstock cost assumptions. 
As the Feedstock Technologies platform explores 
“economically advantaged feedstocks,” it is currently 
unclear if low or negative prices will persist in a free 
market if demand for these feedstocks increases. 
Specifically, we will evaluate what may cause a shift in feedstock prices of organic wastes over time as 
demand increases. This will include a causal analysis of the change in market demand (i.e., what caused the 
change in demand over time, such as technical progress, regulatory changes, evolution in potential target 
markets, and shortages in existing supply chains). It is important to quantify the pattern of changes in the price 
elasticity of supply over time to understand the competitiveness of fuels produced from waste resources and 
their economic sustainability over time. Price elasticity of supply quantifies the change in the market value of a 
resource associated with a corresponding change in demand. This would support industry and government 
research and development planning and reduce uncertainties about the prospects of waste resources for fuel 
bioenergy uses. 

 

COMMENTS 
• The following statement is made by certain leaders in the environmental movement: "No U.S. city is 

sustainable." I agree with this statement. Food must be shipped in (unavoidable), and waste must be 
shipped out. This project addresses the utilization of waste to reduce landfilling, specifically the hauling 
of waste to a remote site outside the city. I agree with the decision to define the organic portion of MSW 
as a renewable energy feedstock, though this is not always done. The choice to use yellow grease and 
dried distillers’ grains as example markets makes sense to this relatively uninformed reviewer. (I have 

WBS: 1.1.1.5 

Presenter(s): Matthew Langholtz 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $150,000 
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never done any work on waste utilization.) It is reasonable to me that this work is done within the 
mission of BETO.  

• Approach/criteria: Why is R2 > 0.5 set as a threshold? R2 is not the only criterion to judge the robustness, 
sufficiency, and completeness of the data and models. A simple linear relationship was assumed for 
many cases of the study. It seems such a relationship does not exist in some of the cases. Other types of 
relationships, such as nonlinear, should be explored. 

• Management: The project was presented as a short (2-year) and straightforward seed project. Team 
membership includes private industry, which should aid in identifying risk and mitigation strategies. 
Little information is available on MSW demand and pricing. There aren’t any recorded prices for MSW 
if no one is buying it. Reliable supply and price data are hard to find, and once they are recorded, they 
are no longer a waste, but a resource. 

Approach: In this seed project, innovation will be required to use proxy resources and case studies to 
analyze at least two waste price elasticity of supply scenarios. A go/no-go point is defined.  

Impact: Recycling waste can result in environmental and societal benefits. When a resource has no value 
and a cost for disposal, it may be free for the taking. Once demand for that resource grows, it becomes a 
valuable commodity with a pricing structure. This project seeks to understand this potential market and 
the price elasticity of supply of waste. Industry engagement is included in the project’s team.  

Progress and Outcomes: The project has already examined other waste products and the change in their 
supply and pricing over time. Future work involving two existing markets is planned.  

Overall Impressions: There are millions of tons of waste biomass. Other BETO projects are currently 
examining sorting and preprocessing costs. The results of this study, combined with the others, will aid 
in developing a TEA of waste as a resource. 

• Management: This project has a difficult mandate—attempting to cost out waste products and their price 
elasticity with regard to supply/demand. The very term of waste denotes a negative cost, but we all know 
as soon as a beneficial use is identified the waste becomes a resource with a positive cost. Exploring this 
relationship is very valuable for long-term evaluation of this material as a resource for the bioeconomy. I 
think this is one of the most difficult projects but also one of the most innovative. Good data availability 
is a true risk identified. A good starting point is to identify what data are needed on a continuing basis. 
Case studies are only a very specific snapshot, so there should be some sensitivity analysis that helps to 
put them into broader perspective.  

Approach: The case study approach seems to be adequate for an initial evaluation of price elasticity of 
supply, especially given the availability of data constraints. There is a bit of cautious optimism that 
reliable data can be acquired, and that it will lead to a statistically significant trend. Waste is such a 
difficult resource! Many changes that are taking place in the packaging industry will significantly change 
the type and supply of waste materials, as will changes to MSW recycling programs. These models will 
be very helpful in predicting the implication to pricing for these and future changes.  

Impact: This work has a significant impact, and its outcomes will be widely used in evaluating an 
investment. Unclear as to how the project will communicate the findings to industry. 

Progress/Outcomes: Results collected thus far did not show meaningful trends. The metric used is easy 
to understand and is applicable ($/ton increase per 1% demand increase). The actual case studies 
proposed will be very interesting. Hopefully the PI has verified that pricing data and consumption can be 
obtained for the period of study. 
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• The project has a good management plan, solid data gathering plans, risk recognition, and mitigation 
plans. There was no communication plan, but this is a minor drawback as the team is small. The 
approach is good. I especially like the use of proxy data of real-life price histories for waste products to 
develop modeling scenarios. I do believe that one drawback is the lack of consideration for legislative 
actions currently taking place in the solid waste markets, especially where plastic is concerned. For 
example, three states have banned plastic bags and an additional five have banned single-use plastic 
bags. What effect does this have on the supply-demand curve and therefore pricing? The impact of the 
project is potentially important. More and more projects are economically viable with low- or negative-
cost feedstock, but understanding the future of the supply demand curve and its effects is paramount. The 
project has followed its plan and shown clear data delineating price elasticity based upon supply-demand 
curves from existing sources such as yellow grease, distiller's grains, and refined glycerin. This is a good 
project that can have significant influence for projects using waste products as feedstock. The major 
drawback, but one that can be rectified, is adding data when available showing the effects of policy 
and/or legislation on plastic waste supply, demand, and pricing curves. 

• This is an interesting tool to help understand future implications of moving biomass. I like how it was 
presented, and it appears to be managed well. This model concept would be helpful in determining 
supply/demand futures. Although I'm not an expert in modeling, I see the value and feel this process can 
produce important information. Thank you, well done. 

PI RESPONSE TO REVIEWER COMMENTS 
• The suggestion to add data showing effects of state policies is interesting and will be explored, as well as 

the suggestion to include other statistical attributes of the data. The R2 threshold of 0.5 was arbitrarily 
selected and can be revisited. We will also assess the nonlinear relationships between supply and price, 
as we would expect price elasticity of supply values to vary within a data set because elasticity would 
decrease as waste supplies are exhausted. We agree that availability of waste supply and price data can 
be an analysis constraint. The suggestion to consider changes in the packaging industry is interesting and 
will be considered. The first case study finished after Peer Review has shown a price change in response 
to a supply shock; results from the second scenario remain to be quantified. The suggested sensitivity 
analysis for a broader perspective will be investigated. We agree that results may have implications for 
price assumptions, and we will explore options to communicate findings to stakeholders. We thank the 
reviewers for the constructive suggestions. 
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FEEDSTOCK HARVESTING & STORAGE: POST-HARVEST 
MANAGEMENT FOR QUALITY PRESERVATION 
Idaho National Laboratory 

PROJECT DESCRIPTION 
Prior work by INL has shown that biomass 
consistency is difficult to control over the course of a 
year of outdoor storage. Storage costs and biomass 
quality must be balanced to assure delivery of a 
consistent feedstock. Prior designs focused on storage 
cost minimization; current designs evaluate the 
cost/quality trade-offs of alternative storage designs. 
This project focuses on the fundamental biological, chemical, and physical information needed to manage 
stored biomass, reduce the impact of environmental moisture, and promote moisture loss using functional and 
cost-effective means. 

TEAs show that storage site improvements such as enhanced drainage impart modest cost increases of $0.80 to 
$1.58 over the on-farm design of the 2017 SOT ($6.55 per dry matter ton). However, the same analyses show 
that for each percent dry matter lost in storage, the as-delivered biomass price increases by $0.40 per dry 
matter ton. Results show how storage costs can be offset by improvements to dry matter preservation as little 
as 2% to 4%. Given the potential cost offsets for improved stability, we evaluated low-cost means to promote 
moisture loss in storage. 

Experimental results and computational analyses were used to evaluate the potential for biological activity to 
enhance moisture loss via self-heating while maintaining acceptable levels of dry matter loss. Low-speed air 
movement through biomass was shown to reduce moisture content from 30% to <20% in 35 days with only 
5% dry matter loss. Higher flow rates, available using on-farm equipment, have potential to dry a wrapped 
stack of 30% moisture bales at a cost of $5.71 per dry matter ton. This cost is comparable to 14% dry matter 
loss—an extent measured in past storage studies of high-moisture stover. While not economical for an entire 
annual feedstock supply, these costs could be borne by a portion of at-risk high-moisture materials, and the 
storage methods provide options in especially wet harvest conditions. 

Feedstock quality monitoring requires rapid, accurate tools that can be deployed in the field. Storage time can 
be used to evaluate annual biomass supplies and identify quality variations and storage conditions that need 
attention. Improvements to our near-infrared (NIR) spectroscopic bale probe and predictive models continues 
with our partners Antares Group Inc. and Dr. Bonnie Hames. New ash models give us better results in 
materials up to 20% ash. These robust analytical tools enable quantification of critical components—glucan, 
xylan, moisture, and ash. Combined with computational models of biomass stability, these tools are the 
technical underpinnings of an information-driven biomass supply system that can reduce temporal variations in 
critical material attributes such as moisture, carbohydrate content, and ash in delivered biomass feedstocks. 

WBS: 1.2.1.1 

Presenter(s): William Smith 

Project Start Date: 10/01/2018 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $2,840,000 
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Photo courtesy of Idaho National Laboratory 

COMMENTS 
• I have no question concerning the need for this project. Large rectangular bales are, and will continue to 

be, an important harvest system in the emerging biorefinery industry. In the West and in certain parts of 
the Midwest, the large rectangular bale is the obvious choice. These bales are stored six high in ambient 
stacks, and these stacks are shipped during some buyer-defined week of the winter storage period. It is 
my view that the storage site needs to be graded and graveled to support vehicle traffic for load-out any 
week of the storage period. The cost for this gravel surface is a given; trying to operate on a sod surface 
is just not practical. Why is it ever a good idea to pick up soil stuck to the bottom of the bale given the 
now well-defined problems with ash content? 

1. Relative to the large rectangular bale stack, the top bale is exposed, has more rainfall penetration, and 
is more likely to be wet and maybe have other quality issues. Is there a way this bale can be identified in 
the load during shipment? Maybe it can always be the top bale. Then, during de-baling, it can be 
processed separately, if this provides a quality control advantage. The same is true of the bottom bale in 
the stack. How practical is this idea—cost versus benefit?  



2021 PROJECT PEER REVIEW 

 

887 FEEDSTOCK TECHNOLOGIES 

2. Most of the work has focused, understandability, on the large rectangular bale, but what about single-
layer ambient storage of round bales? Some data have been collected, but I recommend more studies be 
done in the future. The round bale will be important in the Southeast and maybe some parts of the 
Midwest with high rainfall. I gave a "4" on Impact to hopefully encourage expansion to include round 
bale storage in the future. 

3. My support of the work to develop the NIR probe is a bit self-serving; I have had a part (very small) in 
developing a method for inserting the probe into a bale. I will use this space to raise several points 
concerning the development and use of the NIR probe. I am thinking about probing the top layer bales 
when the load stops on the scales when delivering to the biorefinery. Bottom layer bales are not sampled. 
How does the quality determination based on sampling three top-tier bales compare with a weighted 
average based on sampling all bales? My personal goal is 3 minutes to complete the sampling. Why? A 
delay in unloading costs money—truck cycle time is increased and hauling cost is increased. Probing of 
round bales could measure a difference in properties of a round bale, weathered layer versus core. Is this 
useful? 

• High-impact biomass was mentioned in the presentation. It is not clear that it refers to economic value, 
professing efficiency or environmental impacts. In addition to considering forest residue and energy 
crops in the future plan, the commercialization plan needs be discussed. 

• Management: Good range of partnerships. Would be a benefit to include farmers or farm associations 
involved to give feedback on the direction of the project and its practicality to their ongoing practices.  

Approach: The main framework is to use storage to reduce extremes in quality and preconditioning to 
improve fractionation potential. Good combination of fieldwork and laboratory simulation will help to 
identify the operational challenges. Identifying the critical material attributes for downstream processing 
is a critical step, and it’s good to see it part of the project. Focus on the most relatable properties such as 
dirt and moisture instability will go a long way to improving the consistency of the biomass.  

Impact: One of the goals is to enable informed decision and mitigation strategies; this will go a long way 
to gaining industrial engagement.  

Progress and Outcomes: Interesting findings from the field trials, reducing dry matter loss, by altering 
storage conditions. Meaningful presentation on the breakdown of costs. Can these costs be widely 
applied, or is it highly dependent on location and/or other factors? Is it reasonable to assume that the 
computational model based on the 100-L storage chamber be scaled up to industrial application? Good 
potential for NIR equipment for monitoring ash content. This would be very useful if the equipment is 
easy to use and can stay calibrated without ongoing correlation work. Are there plans to develop a 
practitioner’s guide (i.e., best practices for farmers)? 

• Management: This project places an emphasis on commercial relevance. Partnerships are formal and 
informal and include university and industry collaborators. Coordination with BETO program managers 
and other national lab groups is also included in project management.  

Approach: The approach includes field demonstrations, intermediate scaled tasks, and laboratory 
processes. It currently focuses on the showstoppers that are universal problems and uses the resources at 
INL to help leverage funds and knowledge gains. Industry partners will help relate findings to costs and 
performance.  

Impact: The project demonstrates a clear connection between annually harvested biomass and necessary 
storage to support year-round operations. Processes can occur during storage that may result in degraded 
feedstock quality and material-handling issues. This project looks at methods to limit feedstock 
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variability. Connecting the cost of land to the value of improved storage was an innovative way of 
addressing some of the problems related to bale degradation.  

Progress and Outcomes: Progress has been made on methods to control stover feedstock variability over 
time. Analyses have been performed to predict dry matter losses and compositional changes. The next 
steps were identified.  

Overall Impressions: In this project, INL researchers continue to apply their expertise in understanding 
the impacts of storage on feedstock quality. The extent and scale of these initial tests have the potential 
to help support a year-round feedstock from an annually harvested crop. 

• There are clear management plans. The desire to slow dry matter loss through drying is a great benefit 
and approach for industry. I'd like to see a clear bridge within the project and data from lab-scale bale 
dryer to the stacks of bales on industrial sites. This project has the distinct advantage of being able to 
evaluate commercial practices alongside the lab scale. Tarping, wind, relative humidity, bale stack 
geometry, and depth are all factors that will affect moisture and dry matter loss at commercial scale. I 
suggest in next steps broadening the approach and gearing the project data toward a recommendation for 
bale stacking/storage methods to prevent dry matter loss and moisture uptake. The project has generated 
interesting and useful data from the bale dryer, and I very much appreciate the reference to $/ton. That is 
very meaningful to industry. Thank you for a job well done. 

• There is an excellent management plan with a good group of participants, including industry, labs, and 
university groups. The only thing lacking was a clear discussion of risks to the project and how to 
mitigate those risks. However, these risks and mitigation steps appeared later in the presentation. The 
project approach has solid recognition of the problems to be solved and methodology, and that depends 
very much on experimental results, which will then inform and verify modeling and TEA. There are 
clear quantitative go/no-go decision points. Herbaceous biomass long-term storage issues are significant, 
as many of the materials such as corn stover cannot employ "just in time" delivery systems. Any project 
that can advance and/or help solve these problems will be very impactful and clearly advance BETO 
MYPP goals by enabling bioeconomy conversion projects to perform up to their potential. The project's 
progress and outcomes show solid progress toward project goals and adherence to the project's timeline. 
Modeling was not just created, but verified for accuracy by field-collected data from tests and existing 
cellulosic projects. This project should prove to be very important by providing a basis for managing 
feedstock and producing quality feedstock management systems economically, not only without 
sacrificing quality, but also by improving it. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their thoughtful and constructive input. The reviewers clearly identify that 

the unique storage history of biomass relative to its format (i.e., round versus square bale) and storage 
environment (i.e., stack or pile location) affects its process performance. This is something that we have 
considered in our research—averages account for overall trends, but an annual feedstock supply system 
consists of a population that encompasses a range of material conditions. It is equally important to 
reduce the frequency of encountering off-specification materials as it is to improve the overall average 
quality of the material delivered to the biorefinery. For example, a challenge identified within INL’s 
Biomass Feedstock National User Facility PDU (WBS 3.4.1.202) is that high-moisture regions within 
bales may contain >30% moisture, which significantly reduces mill throughput during size reduction. 
While the average moisture content of a top or bottom bale may be less than 30%, the impact of the 
higher-moisture zones within the bale increases its processing time/energy to that of a bale with a 
moisture content intermediate between its average moisture content and its highest moisture content. 
This supports the reviewer’s suggestion that bales’ stack positions should be noted, and that top and 
bottom bales could be milled in separate but parallel process conditions that address the problems 
associated with high-moisture materials. Such a design permits high throughput of the more numerous 
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“average” bales while using separate lines to process the less numerous high-moisture bales. The 
economics of this possible solution can be explored using INL’s Biomass Logistics Model, which has 
been used in our feedstocks-related research to track the impact of operational and cost improvements. 
Another option is to create storage conditions that reduce the top and bottom bales’ exposure to water 
from the ground (surface and subsurface drainage) and enhance moisture loss from the stacks, which has 
been the primary focus of our research to date. Identification of these spatial biomass quality variations 
permits decisions that enable mitigation—either by storage improvements or by process operations—that 
improves throughput, uptime, and overall process economics. The modeled technical and economic 
impacts can be evaluated with help from INL’s Feedstock Supply Chain Analysis (WBS 1.1.1.2). Tools 
such as the near-infrared bale probe, which was developed under a previous BETO High-Tonnage 
Logistics project (Antares Group, Inc. “B.A.L.E.S.S” project), permit rapid analyses during harvest, 
storage, and exchange (point-of-sale) operations for corn stover biomass. As a research tool, it enables 
temporal and spatial analysis of moisture migration and its impact on glucan, xylan, and ash content in 
baled stover and has been used in both round and “square” bales. We are sensitive to the reviewers’ 
concerns that (1) it is currently only used for corn stover in low-temperature conversion pathways—not 
wood chips, and (2) it requires 7 to 10 seconds per individual sampling location to acquire results. Future 
work—in cooperation with our partners in the Feedstock-Conversion Interface Consortium—is proposed 
to develop NIR chemometric models for softwood and hardwood biomass, which are used in high-
temperature conversion pathways. Additionally, our research team continues to work with Antares 
Group, Inc. and Iowa State University on a Small Business Innovation Research (SBIR) project to 
develop an automated probe insertion/extraction tool that can scan across a transect within a bale to get 
both spatial and average. The SBIR program offers support that enables small businesses to work with 
national laboratory partners to move technologies from the laboratory to commercial use.  

The reviewers indicate that this project would benefit from greater input from the producers. To date, 
this research has focused on the needs of the biorefinery—principally, the processing and conversion 
performance of the delivered biomass. We admit that we can do a better job of getting grower input. In 
the past, we have relied on “early adopters” to provide biomass and storage sites for field trials—in 
exchange for access to the research results. Those informal relationships gave us valuable insight into the 
harvest and storage challenges faced by participating growers. Our focus on lower-level technology 
readiness levels and the current dearth of commercial biorefinery operations has cut back our field 
activities. A broader view of the operational challenges—the practical impacts of storage system 
improvements, for example—is needed. Potential opportunities include adding producers to existing 
BETO industry advisory boards, working with universities that are directly involved in relevant 
agriculture- and forestry-related research, and working with federal and state agencies such as the USDA 
Natural Resources Conservation Service, the USDA National Agroforestry Center, or the Iowa Corn 
Board to incorporate the practical outcomes of our research results into publications that are targeted to 
producers. 
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VALUE-ADDED PROCESS INTENSIFICATION IN THE SUPPLY CHAIN 
Idaho National Laboratory 

PROJECT DESCRIPTION 
Corn stover is one of the primary agricultural 
residues available for bioenergy production, but its 
cellular- and tissue-level complexity make it 
challenging to reduce to monomers that can then be 
converted to fuels and chemical precursors. The goal 
of this project is to improve the performance of corn 
stover for biochemical conversion to fuels and 
chemicals by reducing recalcitrance to deconstruction. The overarching aim of this research is to overcome the 
physiochemical barriers in corn stover that necessitate increased severity in conversion in terms of chemical 
loading, temperature, and time, during the residence time of long- and short-term storage operations. The 
hypothesis of this research is that low-severity chemical and microbial treatment during long-term storage will 
reduce the degree of polymerization through saponification of ester-linked side chains or glycosidic bonds in 
hemicellulose, or through oxidation of phenolic or non-phenolic components of lignin. These treatments will 
increase extractable components of corn stover and facilitate increased chemical impregnation and 
solubilization of structural components, leading to increased reactivity during downstream pretreatment.  

This novel approach focuses on moving recalcitrance reduction upstream in the feedstock supply chain; thus, 
this passive operation that only preserves biomass will become an active environment that can positively 
impact conversion performance. Biological and chemical treatments applied during storage, one of the key unit 
operations in the feedstock logistics supply chain, were explored in this study with the goal of integrating these 
treatments into bioenergy logistics and conversion systems. Meanwhile, the mechanistic understanding of the 
biological and chemical reactions that can reduce biomass recalcitrance was to be obtained. The fundamental 
understanding on how these reactions change the biomass structure provided the scientific community with 
insight that can lead to new areas of exploration in bioenergy conversion. The overall product of this research 
will be performance data for a range of potential methods to provide “value add” in the supply chain. This 
research also addresses multiple MYPP barriers and contributes to the $2.50/GGE goals. 

 

WBS: 1.2.1.1000 

Presenter(s): Lynn Wendt 

Project Start Date: 10/01/2020 

Planned Project End Date: 09/30/2023 

Total DOE Funding: $1,540,347 
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Photo courtesy of Idaho National Laboratory 

COMMENTS 
• The goal of gaining compositional change during storage that will provide benefit at conversion is 

important. If it is difficult to get the moisture content low enough for baling, as is the case in the northern 
region of the corn belt, then ensiling is an option that must be considered. The fact that it may be more 
expensive that baling and bale storage is not, in my judgement, a showstopper at this point. Let's define 
what these costs actually are in a production setting. I hope this project team will continue to do that and 
not be constrained by some current dollar-per-dry-ton goal. The project team has done some significant 
work over the last several years, and really done a good job of publishing their laboratory work. When 
reading the title, I expected to see slides for material being ensiled in 5-gal plastic buckets, and then a 
scale-up to a sileage bag, and then maybe a final scale-up to a silage tube. Maybe this has been done, but 
the presentation does not give detail. (I understand the time limit for the presentation.) My question is, is 
this project now at the maturity level (several years of history shown) where the project team can tell us 
what this technology looks like in a production setting? For example, I fill a sileage tube at a roadside 
storage, then pick this tube up with a module hauler (shown in the slide) after some storage period and 
deliver to the biorefinery. What happens next? How does the whole ensiling idea work in a production 
setting? This explains why I gave a "4" in the Impact and Progress and Outcomes categories. I realize it 
is difficult to compute a conversion cost benefit for the various ensiling treatments. (I may have missed 
important detail in the presentation.) BETO has a broad and very impressive talent base across the 
various national labs. A best-estimate conversion cost benefit can be computed, and I request that it be 
included in the next report on this project. One final comment—I asked the question after the 
presentation about how the chopped corn stover was collected. The answer was that it was collected after 
the grain harvest. Does this mean the forage harvester went through the field and lifted the downed stalks 
and chopped them? Not clear. 
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• It is a good project. However, it is not clear who the team members are and what their responsibilities 
could be to make/monitor the project progress. The project has refocused on value added instead of cost. 
I think both value added and cost can be considered simultaneously given that the project's ultimate goal 
is to increase the profit of biomass processing and storage for a facility. It is not clear what exactly the 
value-added components are and how much value these components can add to the process. Related 
test/experiment design and sample size need to be clearly defined to address progress and outcomes. In 
addition to focusing on woody biomass and herbaceous biomass for future goals, I think the scale-up of 
current study on corn stover can be further explored. 

• Management: Project management resides at INL and includes membership across several national labs. 
This allows for integration of science and testing methodologies that are consistent across several 
projects in the BETO portfolio. Project risks are identified in the approach and impact sections. This 
ongoing project has resulted in several peer-reviewed publications.  

Approach: The project began in FY 2015 and changed the focus in FY 2018 from a cost-center to a 
value-added biomass storage project. The approach identified feedstock storage issues in long-term and 
short-term storage and proposes activities to potentially reduce losses and add value to biomass while in 
storage.  

Impact: The potential for alternatives to dry bale storage is innovative and has the potential for 
significant impacts on biomass storage systems.  

Progress and Outcomes: Progress has been made in the areas of long-term alkali storage and short-term 
fungi enhanced queuing that included not only feedstock response to the treatments, but also harvesting 
impacts. Dry matter losses are of concern and will continue to be examined as this project proceeds. 
Progress has also been made in isolating high-ash pine needles from wood residues.  

Overall Impressions: The progress and findings from this research project will be important for the 
future of bioenergy feedstock supplies. The potential impacts range from field operations through to the 
reactor throat. A TEA will further examine the impact of these opportunities for reducing losses in 
storage and improving extractive coproducts. 

• Management: This project is a good illustration of the U.S.-centric approach seen in many of the projects 
in this review. Because this is the area of research in which I have been involved for the past 10 years, I 
feel confident to comment that there may be many lessons learned by those in other jurisdictions 
working in this field of research. It appears that all of the collaborators are only within the United States. 
These projects could benefit from cooperation with researchers in Europe and Canada facing similar 
biomass management issues. The management plan is provided in very general terms; hopefully as the 
project progresses, the items mentioned will become more explicit, with named collaborators and 
deliverables.  

Approach: Risks to the project results are identified, but I could not identify any risks to the management 
of the project in accomplishing the objectives. This project can lead to some very interesting and 
significant results that can have a significant impact on how the supply chain is managed. There are 
many technical risks that should be considered—for example, fungal mass itself may produce unwanted 
chemical components in downstream processing (i.e., proteins). These proteins may also account for 
added mass, consideration of the native microbial populations and their variability and how they will 
influence degradation (not controllable), etc. Perhaps many of these risks are already identified by the 
researcher, but because of the short presentation time she could not cover all technical and research 
aspects.  

Impact: Similar to some of the other research projects in this group, there is not clear evidence that a 
route to industrial engagement has been envisioned. This research is in an early stage, but I still feel that 
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if the goal is to use the technologies, then there could be a road map to commercialization. This will help 
to identify the steps needed to get to industrial utilization. There are clear research outcomes that can be 
achieved, but taking the next step of industrialization is a large and difficult one, in my opinion.  

Progress and Outcomes: Some interesting results are presented. Also, just wondering if the chart that has 
percent carbohydrates released is percent of dry weight or based on the potential carbohydrates 
available? Very nice work on using gas chromatography and gas chromatography/mass spectrometry for 
characterization work. Just wondering if this method is commonly used for quantitative results, or is it 
qualitative? I don’t understand enough about the supply chain, but the cost of $1.16 for receiving and 
preprocessing seems very low. Is this value from actual data, or hypothesized? I don't understand why 
storage time had no effect on percent glucose released. Doesn’t that mean that this strategy is not 
effective? 

• The management plan is clear and concise. It has strong collaboration partners and a plan to disseminate 
results. There are regular milestones and a regular review process with BETO program management. 
There was not much in the way of project risk recognition and mitigation plans. However, risks were 
identified in the section on approach. This project's approach has used the novel and unique approach of 
"value-added storage" to store wet materials, and has met both its go/no-go decision and end-of-project 
goal of reducing feedstock cost during storage. These are just the types of projects that advance the SOT 
and BETO's MYPP goals. The project can enable any number of bioeconomy projects wishing to use 
wet feedstocks that have to be stored for virtually any period of time. To create storage that adds value 
and impacts the harvesting, collection, and delivery system for materials such as corn stover, as well as 
creating a system to minimize degradation, has huge implications and could easily become the state-of-
the-art system. One thing that hasn't been mentioned is that if the harvesting of corn stover could be 
accomplished independent of moisture, the cost of that operation could be reduced significantly. The 
project has made great progress toward its interim and end-of-project goals and appears to be on its 
timeline. The project identified more than one benefit to the use of treatments such as alkalis for 
downstream conversion gains. It is difficult to ascertain if the timeline has been maintained, as the 
presentation didn't present a clear timeline. This project continues to impress with its value-added 
approach to long-term wet biomass storage. This advancement in techniques can be transformative in the 
management of feedstock variability. 

• This project is well managed. Advancements uncovered in this project could add substantial value to the 
biofuels industry. Any preprocessing that could be done at harvest or storage could decrease the 
thermochemical effort of conversion. This project concept aligns well with the time function in the 
severity calculation. Annual corn stover harvest occurs in a 4-week window, and the crop spends the rest 
of the year in long-term storage of queuing. Corn stover markets extend into the cattle feed market as 
well, so it would be interesting to see if there is benefit of rumen digestion with these ideas. Increasing 
the demand of corn stover feedstock in the cattle industry will encourage more supply and likely lower 
the cost of corn stover feedstock in biofuels as baling and storage systems improve. This is an exciting 
study for biofuel potential. It would be interesting to see if treatment could be done at harvest/baling to 
help homogenize/stabilize the dynamics in the bale. One disconnect I have is the extremely high 
moisture content of the studies. Do the project plans include the addition of water at 
harvest/baling/storage? 
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PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for these positive comments and their time reviewing the project. Future 

collaboration with the Feedstock-Conversion Interface Consortium is also planned to begin in FY 2022. 
In addition, this project has had industrial partners in the past, including Abengoa Bioenergy and Verd 
Company. We are interested in identifying additional appropriate partners. One approach we employed 
in the last review cycle was to serve as guest editors for the research topic in Frontiers in Bioengineering 
and Biotechnology entitled “Storage of Biomass Feedstocks: Risks and Opportunities.” The collection 
featured research in U.S. national laboratories and academia, as well as from Europe. The review article 
published in that work highlighted the widespread use of anaerobic storage across the United States and 
Europe. It is our hope that this peer-reviewed literature will be part of the process of increasing the 
visibility of this project and attracting additional partnerships.  

Thank you for the question on the forage harvesting operation. Our models assume that the grain harvest 
occurs independent of the corn stover collection. The forage harvester would then be used to collect the 
stalk-rich fraction still standing, and yields are adjusted accordingly. Admittedly, this results in low 
yields, and the approach may be better suited for higher-yielding harvest approaches or energy crops. 
Harvesting can be accomplished independent of moisture content when anaerobic storage is utilized. 
Forage chopping of corn silage is often performed at 60% moisture, wet basis (w.b.) stable storage 
conditions have been demonstrated at 40% moisture previously. Anaerobic storage can also enable 
single-pass harvesting, as well as the combined grain and stover harvest enabled by the Single-Pass, 
Weather-Independent Fractionation (SWIFT) process.  

We will continue to incorporate TEA in the project as new value-added preprocessing opportunities are 
investigated. To date, we have finalized TEA on both the alkali storage and short-term fungi enhanced 
queuing. We agree that costs for all unit operations should be defined as they are in a production setting, 
not just in the nth-plant scenario. The first-plant scenarios that are being proposed by the INL analysis 
team are one approach to address that. We agree that value-added storage and cost reductions go together 
to impact final profitability. We define the value-added component as anything that can reduce costs 
downstream in preprocessing or conversion, and an example of this is a credit for reduced temperature in 
a pretreatment reactor enabled by recalcitrance reduction in storage. The benefit to conversion systems 
of reduced pretreatment required have been quantified in terms of reduced alkali loading or reduced 
steam requirements for heating, and those are documented in manuscripts currently under peer review.  

We agree that the work should be expanded to woody biomass and even MSW. Scale-up of the alkali 
study to 10 kg has been accomplished, and further scale-up is warranted but not planned at this point. 
Scale-up of the anaerobic storage approach in a production setting of 500 tons was presented in the FY 
2017 and FY 2019 BETO Peer Reviews. However, fieldwork was not pursued after this time due to the 
guidance of the previous administration to focus on low-technology-readiness-level research.  

A close collaborator on this project is the University of Wisconsin-led SWIFT project, where harvesting 
and anaerobic storage is occurring at multiple scales of 5-gallon buckets, 50-gallon barrels, and wrapped 
silage bales. One reviewer points out an interesting approach on rumen digestibility. Many studies show 
the promise for anaerobic storage and the production of associated lactic and acetic acids to improve 
digestibility of herbaceous biomass in the rumen gut. Limited studies exist on alkali-assisted storage 
providing a similar benefit to rumen digestion, but both calcium oxide and sodium hydroxide have been 
shown to have a positive benefit. The moisture contents explored in the study represent those in the 
working envelope of ensiling, as described above.  

Thank you for the positive comments on the pyrolysis characterization work. Pyrolysis gas 
chromatography and gas chromatography/mass spectrometry can be used for both qualitative screening 
approaches and quantitative characterization of pyrolysis products representing macromolecular building 
blocks of lignocellulosic biomass. In the conversion figure, which presents conversion results of percent 
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glucose and xylose release, maximum yields of 100% are assumed based on total sugars originally 
present. The figure shows the impact of fungal treatment and time as a function of pretreatment severity, 
and while xylose yields are impacted, glucose is not. It is assumed that the fungal treatment did not 
impact cellulose microfibrils at a similar rate as hemicellulose components, and this is consistent with 
the pyrolysis gas chromatography and gas chromatography/mass spectrometry characterization.  

We agree there are additional technical risks and understandings to explore. For example, microbial 
community analysis has been added to the project through collaboration with Idaho State University and 
the State University of New York College of Environmental Science and Forestry. Other technical risks 
such as formation of fungal proteins and fermentation inhibitors or solubilization of inorganic elements 
will be considered as funding allows. 
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BIOMASS SIZE REDUCTION, DRYING, AND DENSIFICATION 
Idaho National Laboratory 

PROJECT DESCRIPTION 
The project objective is to reduce fines (<400 
microns) in corn stover pellets to <7% (80% 
reduction compared to fines in 1/4-inch grind corn 
stover pellets). In FY 2019, corn stover pellets 
produced using a rotary shear and a 7/16-inch 
hammer mill screen grind had fines of about 5.2% 
and 12.5%. In FY 2020, work was focused on 
grinding and pelleting of cob, stalk, husk, and leaf corn stover fractions. Cobs required about 8–14 kWh/ton to 
grind, whereas stalks needed roughly 70–128 kWh/ton. Ground cobs had fines of about <1%, whereas leaves 
had about 8%. Corn stover fraction pellets produced at different conditions met the established particle attrition 
targets of <7%. Both the preheating temperature and compressive force influenced pellet quality. Also, corn 
stover fraction pellets can be blended to meet the desired quality in terms of fines and chemical composition. 
Scanning electron microscope images indicated that corn stover fractions retained their microstructure after 
grinding but lost it after pelleting. Computed tomography scan analysis indicated that the surface area for a 
given volume is highest for leaves but lowest for cobs. Focused ion beam tomography indicates stalk pellets do 
not have a definite structure, but leaf pellets have a denser structure. Cob pellets have a less-dense structure 
with connected layers giving a bi-continuous structure. Advanced imaging techniques can help to design 
pellets with the desired particle morphology and microstructure for the downstream conversion process. 

 

WBS: 1.2.1.2 

Presenter(s): Jaya Tumuluru 

Project Start Date: 10/01/2020 

Planned Project End Date: 09/30/2023 

Total DOE Funding: $2,465,000 
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Photo courtesy of Idaho National Laboratory 

COMMENTS 
• I consider this project to be the best, or certainly one of the best, I reviewed. It is a mature project 

(several years of ongoing effort) that continues to make good progress toward commercialization. I do 
not have densification experience. I do know that there are cubing (really a big pellet) and wafering 
technologies in commercial application. There are also extrusion technologies that might partly expand 
corn stover fiber preparatory to densification.  

• The project has had great efforts with industry partners, impressive pubs, and a book. For collaboration 
with Lignetics, in addition to testing advanced preprocessing, a potential commercialization plan should 
be explored. Pellets were made from leaves, cobs, stalks, and husks separately for testing. In reality, they 
can be mixed. It is not clear how the pellets from mixtures of leaves, cobs, stalks, and husks affect the 
pelletizing process and fine reduction. Wood palletization using logging and mill residues has been 
commercialized. It is not clear what specifically the future work on forest residue would be for later 
budget periods in this project. The results from this project thus far have been based on a single-pellet 
press. It would be good to consider pilot- or a commercial-scale testing for future focus. 

• Management: The project team represents the knowledge and skills needed to address the continuation of 
this project. The management plan includes closely working with the BETO program manager. Risks are 
identified and mitigation is addressed. The management team has also worked with or gained support 
from pellet-using industries.  
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Approach: The approach for this project has been proven in two prior merit reviews. The continuation of 
this project is still relevant and holds significant potential for innovation in feedstock handling.  

Impact: Value is derived from the reduction of fine material losses, which improves the economics of 
pellet production. The project has clear commercialization potential, as it can be used by biomass 
processors and designers for producing biofuels, chemicals, and bioproducts.  

Progress and Outcomes: Significant progress has been made in feedstock characterization as a result of 
comminution processes. A detailed experiment has also been performed to pelletize stover fractions. It is 
interesting that pelletizing various stover fractions can result in increased or decreased fines. This project 
includes important information related to energy use.  

Overall Impressions: This project extends beyond material handling and capture of fine material. 
Information gained by separately pelletizing various stover fractions could result in increased use of the 
poorer-quality portion fractions through blending. Energy use information can be incorporated into a 
TEA. 

• Management: Very worthwhile and meaningful project. The problems in handling of low-density 
biomass affect all industries that need to control feed of biomass materials to the process. Good range of 
expertise on the team. Well-designed research project. Good partnering with industry manufacturers and 
biomass users.  

Approach: Project has a very well-identified problem statement, providing a very directed approach.  

Impact: The impact is significant, as it will help to reduce downstream implications in dealing with fine 
materials. Can these savings be quantified in economic terms? I look forward to the LCA.  

Progress and Outcomes: This project is showing some interesting preliminary results on the effect of 
equipment on fines production. This type of detailed testing is very useful information for LCAs and 
economic evaluations. What is the next step for the adoption of this work? Is there missing information 
that would inhibit its use in industry? Where could uptake be initiated? Is the capital cost for scale-up a 
factor? The work with scanning electron microscopy and tomography are also very interesting and 
innovative. What does the new microstructure represent? Is it perhaps easier for enzymes to access 
certain parts of the cell structure now that it has been partially modified? Has this process served as a 
pretreatment in breaking up the cell wall structure? Very interesting. 

• The project has an excellent management plan and strong team with multidisciplined areas of expertise. 
They have clearly stated milestones, such as particle attrition targets and quantitative go/no-go decision 
points. PIs have recognized several risks and mitigation steps. This is one of the best plans of the 
presentations we reviewed. The approach is good and based upon recognized International Organization 
for Standardization (ISO) and American Society of Agricultural and Biological Engineers (ASABE) 
standards. Their approach has significant innovation and will definitely advance BETO goals and the 
SOT. This project could help propel the industry forward by virtue of its economic advantage in the 
production of standardized feedstocks for conversion. This is an important project that will impact and 
progress industry SOT and strongly advance BETO's MYPP in many ways, such as helping make the 
concept of multi-feedstock fuel depots possible, helping commoditize biomass feedstocks, and lowering 
biorefinery operating costs. The project PIs are to be commended for their strong effort in 
commercialization efforts for their work, which provides tangible evidence in the advancement of 
BETO's MYPP. This project demonstrates how a project can be influential over a wide array of 
feedstocks and conversion processes. There is also an indirect economic benefit to baling operations. If 
you can densify wet material, then harvesting operations can save significant time and money that is now 
spent waiting on material to dry in the field. The ability to use these advanced techniques and equipment 
such as focused ion beam technology and to design a pellet for its use in a particular downstream process 
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is significant. Reducing variability will help in all downstream processes and operations. The advances 
made here with well-known technology such as pelletization that allow for feedstocks that can be 
customized for the downstream conversion processes will advance not only the SOT for pelletization 
processes, but also the SOT for the conversion industry using cellulosic feedstocks. 

• Very high scores that can be attributed to multiple factors. The project is very well managed. The project 
will provide groundwork for the advancement of the corn stover biomass as a renewable fuel. I'm 
impressed with the design of experiment and execution. Very well done. 

PI RESPONSE TO REVIEWER COMMENTS 
 
We thank the reviewers for their useful comments and feedback on the impact of the project on MYPP goals 
and the SOT. We appreciate the reviewer’s feedback on project management, execution, and process 
improvement achievements and how the project addresses variability and helps to create a product suitable for 
downstream conversion and operations. 
 
We conducted grinding and pelleting of corn stover fractions independently to understand how the various 
process variables impacted the energy consumption and quality of each fraction’s grind and pellets. We found 
that the grinding and pelleting energy consumption changes with cob, husk, leaf, and stalk, and each have 
different optimized conditions. Also, our SOT considers the various feedstock and fractions to be pelleted 
separately and blending them in downstream conversion.  
 
In the pelleting work, the focus is on understanding how pelleting process variables impact the pellet quality in 
terms of unit density and particle attrition or fines (<400 microns) and meeting the particle attrition targets 
(<7%) established in the project. We conducted corn stover pelleting studies in a single-pellet press to 
understand the how process variables such as compressive force, residence time, moisture, and grind type 
impact the pellet quality in terms of unit density and particle attrition. The data obtained from a single-pellet 
press can be further used to scale up the process to lab-scale and pilot-scale studies. In our book on biomass 
densification, we developed a scale-up methodology based on the single-pellet press studies 
(https://doi.org/10.1007/978-3-030-62888-8_3). Also, instead of using briquetting, cubing, and extrusion 
technologies, we selected pelleting technology to address the feedstock quality issues. We thought addressing 
issues associated with pelleting process technology in terms of cost and quality could have a broader impact, as 
pellets are the most widely used commodity-type product for biofuels, biopower, and bioproducts. Improving 
process efficiencies of the pelleting process could have a bigger impact on the biofuels and bioproduct 
industry. We work closely with the INL analysis team, where data generated for grinding, pelleting, and pellet 
quality, e.g., fines and density, are fed to TEA, LCA, and reliability models. 
 
The major challenge of forest residue fractions (“bark, needles, and whitewood”) is high moisture (50–60%, 
w.b.) at the time of harvest and large variability in physical properties such as particle size, shape, aspect ratio, 
and density. Using conventional methods to preprocess the forest residue is very cost and capital intensive. For 
example, to reduce the moisture content of forest residues from an initial moisture of 40% (w.b.) to 10 % 
(w.b.) using a rotary dryer takes about 650 kWh/ton. Another challenge of using a hammer mill is it generates 
a lot of fines, which can create problems in downstream conversion, as observed in the present project. In 
future work, we plan to develop energy-efficient preprocessing technologies such as mechanical dewatering 
(which is more efficient than thermal drying methods), crumbling (generates less fines compared to hammer 
mill, as observed in the current project), high moisture densification, and low temperature drying to produce 
densified products from forest residue fractions. These densified products will meet the critical material 
attributes in terms of moisture, density, porosity, microstructure, aspect ratio, and particle size distribution. We 
also plan to do a LCA and TEA for the processes developed and compare with the current methods that are 
followed by the industry. 
 
Unrelated to the current project, we are currently funded under DOE’s Technology Commercialization Fund 
(TCF) to work with Lignetics. If we meet the TCF project goals and objectives, there is a good opportunity to 

https://doi.org/10.1007/978-3-030-62888-8_3
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commercialize INL’s advanced preprocessing technologies. We are also working with Fulcrum Bioenergy on a 
direct FOA facilitated through the Feedstock Conversion Interface Consortium on testing the advanced 
preprocessing technologies developed in this project for MSW preprocessing. The Fulcrum research on MSW 
preprocessing has indicated that there is about a 40% reduction in the pelleting cost compared to conventional 
pelleting, and greenhouse gas emissions are about 50% lower compared to the conventional pelleting process 
followed by industry. 
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RESOURCE MOBILIZATION 
Idaho National Laboratory 

PROJECT DESCRIPTION 
The mobilization of biomass feedstocks is contingent 
on multiple factors, the largest of which is 
establishing a network of growers that are willing to 
produce the feedstocks and supply them to the 
market. Ultimately, the future of the bioenergy sector 
hinges on farmers’ participation and their willingness 
to supply feedstocks that will enable the economic 
viability of feedstock-to-fuel conversion operations. The work of this project has focused on identifying 
strategies that would lead to increased adoption of the production of energy feedstocks, primarily on the 
production of herbaceous feedstocks for biochemical conversion and defining strategies to establish biomass 
production in conventional cropping systems.  

Agent-based models were used to simulate the evolution of farmer participation in crop residue harvesting and 
energy crop cultivation under multiple scenarios. Factors that were examined included contracting structures, 
cost-saving practices, market structure, and the influence of peers and media. The model was not intended to 
provide a unique solution, but rather identify patterns that provided insight into agent behavior. Our initial 
findings showed that the stability of a vertically integrated market structure, combined with the inclusion of 
influential farmers and a grower education campaign, was sufficient to steepen the adoption curve. Ultimately, 
the development of the biofuels industry is incumbent on increasing the value proposition and reducing the risk 
to the grower through innovative supply chain and contracting structures that maximize the value of the 
feedstock. Midstream markets can provide value to all portions of the biomass stream by using the portions in 
applications for which they are best suited. The midstream markets positioned along the supply chain provide 
diverse outlets and contribute to the reduction of supply chain risk. Therefore, incorporating midstream 
markets into the biomass mobilization strategy would increase recovery and use of all biomass fractions 
generated throughout the supply system and reduce supply costs to the biorefinery. Without the identification 
and development of mechanisms that drive the participation of growers and reduce risk in the development of 
feedstock supply chains, it will be nearly impossible to meet the BETO goal of fuel at $2.50/GGE by 2030. 
Specifically, this project addresses the barrier identified by BETO as Ft-A: Terrestrial Feedstock Availability 
and Cost. This project provides credible, objective analyses of feedstock supply systems and strategies to 
support BETO investments in the development of a sustainable, economically viable, national-scale bioenergy 
industry.  

WBS: 1.2.1.5 

Presenter(s): Damon Hartley 

Project Start Date: 10/01/2018 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $908,000 



2021 PROJECT PEER REVIEW 

 

902 FEEDSTOCK TECHNOLOGIES 

 

  

Photo courtesy of Idaho National Laboratory 

COMMENTS 
• I do not believe this project, as currently defined, will have a significant impact, and I will attempt to list 

some ideas for how it can have impact. To the project personnel, I am not criticizing the work you have 
done or the way you presented it. My criticism is in the way you approached your assignment. You have 
not dealt with some obvious factors that dictate the readiness of an individual to sign a feedstock 
contract.  

Key No. 1: The contract—When will landowners sign a feedstock contract? When they have an 
opportunity to make a profit. This is first and foremost. In the Southeast, if you want wood chips 
delivered to your biorefinery, and the current market is x dollars per ton and you offer 2x dollars per ton, 
you will get feedstock. The higher the price you offer, the more feedstock you get, until your competitors 
start to outbid you. There are other contract considerations: (1) multiyear contract; (2) capitalization 
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required (am I going to have to invest $500,000 in equipment I don't currently have to get a contract?); 
(3) a contract feature that allows me to participate in the increased profits if energy prices increase; (4) 
penalties for non-performance (dry year and I cannot fill my contract; what about a bumper crop—can I 
sell the excess?); (5) I'm 65 and do not want to undertake a long-term contract—can this contract transfer 
if I sell out?; (6) if you are asking me to store biomass in satellite locations, are you going to compensate 
for storage losses?; (7) do I have to deliver to you, or are you doing the hauling, etc.; and (8) will a 
contract offered in the Midwest be attractive in the Southeast? Unlikely. A project like this can make a 
contribution by defining differences in contracts to obtain different feedstocks in various regions. I see a 
project like this as an "amendment" to the non-lab projects currently funded. The project personnel in the 
various regions know their local conditions and their feedstock crop. They can suggest how a contract 
might be developed.  

Key No. 2: Local leadership—If the local leadership desires a biorefinery as a good thing for their 
county (community), it will happen. There are several examples—I will give one. In 1990, there was no 
cotton acreage in Virginia. In 1993, there were 100,000 acres. How did that happen? You do not plant 
cotton unless there is a gin. You do not build a gin unless there is cotton. Local leadership figured it out. 
This project can make a contribution by defining how DOE can give local leadership the support needed 
to attract the biorefinery investors. Participation of the USDA Cooperative Extension Service will be 
critical. This is the conduit to get information to the local leadership. 

• Management: Alternative markets for biomass materials are very important, especially those markets 
with high value-add capacity. A concern with increasing supply of the feedstock is the resulting decrease 
in price. While this may be positive for the biorefineries, it is a negative for the farmers. How does this 
PI rationalize this inevitability? The project is in early stage, and although there is a suitable mitigation 
strategy, it is lacking in detail. Details on the type of industry/working groups would be nice to see, in 
order to make sure all important stakeholders are accounted for.  

Approach: Very novel approach to evaluating factors that will influence participant uptake of feedstock 
generation. The directed approach of looking to utilize land that is currently not farmed adds a practical 
dimension to the project. The market development work is very important, as there are potentially small 
higher-value markets that could be expanded in the future. Also, stabilizing the primary market through 
coproduct value is very important and can impact the success of the entire bioeconomy landscape. The 
data collection and categorizing might be a challenge for this project.  

Impact: Would be nice to see presentations to practitioners and stakeholders; this would help to de-risk 
the project.  

Progress/Outcomes: The assumption of no cap on demand is unrealistic; I am wondering why the PI is 
using that assumption, especially because this will have a large impact on price paid to farmers, and then 
would of course influence their participation. 

• Management: This project has a small team of three people. Experience includes an examination of the 
economic drivers for switchgrass adoption. The communication plan includes team members, BETO 
program managers, and a partnership with two other BETO project groups, WBS 1.1.1.2 and WBS 
4.2.1.20. The communication plan does not specifically state whether or not it includes growers. Risks 
and potential mitigation strategies were identified.  

Approach: The technical approach will identify factors surrounding a grower’s willingness to participate 
in bioenergy feedstocks. Performance metrics were presented, and technical challenges were identified. 
A go/no-go decision point was met in 2019.  
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Impact: The impact of the project is clearly tied to the approach. Understanding grower adoption is 
important to growing the bioeconomy. Positive results of this project could include increased knowledge 
in de-risking production and increasing supply.  

Progress and Outcomes: Progress has been made in developing a model for the analysis. Progress toward 
the project goal has included examining the farmer population and their demographics. The analysis also 
includes the distribution of land quality and soil productivity. The selected parameters are reasonable, 
and the analysis should meet the project’s goals.  

Overall Impressions: This project helps identify many factors that would impede adoption rates by 
growers. Future work in this area may examine broader topics that could impact adoption, such as 
business structure or the need for additional equipment investments. Media campaigns may also help 
increase adoptions. 

• There is a clear management communication plan with several annual milestones. There is a good team 
in place with risk identification and mitigation strategy, which includes industry outreach. I did not see a 
clear plan to achieve the goals set in the project overview. There is a good project approach, and the 
plans are there to achieve project goals. I do find that modeling behavior must be difficult when it has 
been demonstrated that different farming segments react differently, and even with segments, large 
farmers may react differently than their smaller counterparts. I am not sure that the project promotes the 
BETO MYPP any more than it could promote use by any other farmer product. It would seem to me that 
you could use this model to promote growing wheat instead of corn. The problem I see with the project's 
impact is that in my mind, you could take any feedstock or herbaceous material and achieve the desired 
results by promoting the desired behavior. In other words, I don't know that the work really promotes the 
bioeconomy any more than it could promote conservation or food. I do believe that the PIs have shown 
progress toward their goals and outcomes. The concept that we can attract farmers by encouraging 
behaviors that increase participation to lower cost is novel, and I would believe to be potentially at odds 
with the concept that increasing farmer profits (and possibly increasing feedstock costs) will get farmers 
involved in participation. 

• This project was tougher for me to get my head around the process and goal. Likely it is because I feel 
that it is looking out far into the markets and making assumptions. It is possible that some of the results 
that were claimed in the accomplishments section were not shared, but I did not see, for example, the 
business strategies employed to increase producer participation. I think markets are primarily driven by 
success of downstream biorefineries. The producers will likely participate only if it makes financial 
sense for them to invest time and effort for financial gain. I see some validity in working with the 
producer to educate them on the "cause" for using renewables to induce excitement and positive use of 
the land. It's possible that I did not connect the dots on how the results were calculated. Lower scores for 
not mentioning risk management and not connecting, for me, to the goals of BETO/DOE. I think to 
improve, the project management team could base market movement from downstream biorefinery 
success moving the markets as a percent utilization of available biomass. Thank you. 

PI RESPONSE TO REVIEWER COMMENTS 
• The work that is being completed in this project has a very strong connection to the MYPP goals of the 

Feedstock Technology program. Specifically, this project is directly tied to the BETO barrier Ft-A: 
Terrestrial Feedstock Availability and Cost and the goal of $2.50/GGE by 2030. Currently, feedstocks 
(especially dedicated energy crops) are not currently being produced in substantial quantities. Without 
sufficient quantities of material of required quality to meet the conversion yields, it will be very difficult 
to meet the defined cost target. By incorporating strategies that shorten the supply chain development 
time and reduce the cost of establishment leading to decreased transportation and access costs, we are 
directly involved with the attainment of the 2030 cost target.  
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The first step of this work is to understand what is potentially possible before tightening the constraints. 
For this analysis, the assumption of no cap on demand was a purposeful choice, as our intention was to 
examine what the maximum potential adoption would be under the scenarios being modeled. 
Additionally, while the modeling approach, and this model in particular, is not necessarily directed to 
any crop or practice by its structure, the key is in the application. While it would be possible to examine 
a diverse set of behaviors, the data that were used and decision processes and options presented to the 
agent make this model an energy feedstock adoption model.  

While there are potentially any number of contract formats that could be examined and make sense 
regionally, producers are only likely to participate if there is a financial incentive. That is why the 
contracting structure is modeled after the Conservation Reserve Program, where land that is low-
production, resulting in a reduction of farm profit, is contracted, and a rental rate is paid for access to 
produce energy crops. The agreement is for access to the land; the biomass user will be responsible for 
cultivation, harvest, and transport of the biomass, with no need for capitalization by the landowner. In 
addition, because the biomass company would have rights to the land, they would be able to store 
material at the site. Also, because the agreement is for access, there would be no penalty for non-
performance, and similarly, there would not be a benefit in times of high yields or prices. As for the 
attractiveness of this contract in different regions, I would assume that any area that utilizes the 
Conservation Reserve Program to any great extent would be amenable to this structure, but this was 
outside of the scope of the project and can be examined as we progress. This makes the incentive to the 
landowner that land that currently costs money to farm would become profitable, which would 
ultimately increase the total on-farm profit.  

• Finally, the expectation is that the supply of biomass would increase, and the price of biomass would 
decrease, exhibiting behavior similar to more traditional commodity crops when the maximum level of 
acceptance is attained. 
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SEED PROJECT: MUNICIPAL SOLID WASTE DECONTAMINATION 
Idaho National Laboratory 

PROJECT DESCRIPTION 
When China instituted its National Sword policy in 
2018, much of the municipal solid waste generated in 
the United Sates was too contaminated, and it is 
currently being landfilled. This MSW (approximately 
65 million tons in 2018) represents a new cost-
advantaged feedstock for the biorefinery industry. 
However, MSW is cheap for a reason and will need 
preprocessing to sufficiently decontaminate the waste for conversion. This project is identifying relevant waste 
streams for BETO priority pathways (deacetylation/mechanical refining and fast pyrolysis), determining the 
impact of contamination on conversion yields, developing decontamination strategies coupled with TEA, and 
then demonstrating an optimized, cost-effective process for the two conversion pathways. 

 

WBS: 1.2.1.7 

Presenter(s): Vicki Thompson 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $500,000 
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Photo courtesy of Idaho National Laboratory 

COMMENTS 
• I do congratulate the team on the quality of their presentation. I could read the slides. More importantly, 

they did not have too much information on each slide, a common problem with many of the other 
presentations. I also give an accolade to the team for reaching out to other groups (industry) with much 
more experience in MSW. Society needs success from this project. I hope my remarks are an 
encouragement. This is a new project, so conclusions are not expected. I wonder if, ultimately, pyrolysis 
will not emerge as the only practical option. The heterogeneity of the material, plus the contamination, is 
a steep mountain to climb. 

• It is a sound project, and it is worth having some more investment in this area. Some details on 
approaches should be provided to move the project forward. An outreach component of the project 
should help promote the program with industry and communities for recycling and utilizing MSW. It is 
not clear what a future plan would be for the project. 

• Management: The risks in the project are well thought out and quite realistic. The magnitude and effect 
of the risks may make this work less relevant in a very short time.  

Approach: The project fits well within the BETO goals as represented on the project slides. However, 
this is very time-consuming and painstaking work. My fear is that waste streams are subject to change, 
as mentioned in the presentation for China’s National Sword policy. Other changes in consumer 
packaging are also evolving quickly. This raises the question as to how relevant this work may be long-
term. What is the applicability of this work? There are many different systems for collection of 
municipal waste, and each will provide a varied feedstock. How will this be dealt with?  

Impact: Relevance to the industry may be too early to determine. The impact of this specific approach 
was not clear.  

Progress and Outcomes: Unfortunately, time did not permit for questions examining the outcomes. I 
don’t understand the percent glucose and percent xylose yields. Is this based on yields/total material? I 
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don’t think so, but I can’t understand what the basis for the percent is. It doesn’t make sense that yields 
of glucose and xylose add up to more than 160 in some cases. 

• Management: This is a short-term seed project that began in October 2019. The management plan 
divided the project into tasks with leads identified for each. The project provides routes for 
communicating with other national labs and the local Biomass Feedstock National User Facility upgrade 
team. A waste recycling service will also be consulted. Risks and mitigation are addressed.  

Approach: This is a seed project, so little existing data are available. The approach clearly addresses the 
challenge of decontamination and ties it to the go/no-go decision point.  

Impact: There is a clear connection between the project approach and the potential for using MSW in 
conversion processes to create fuels and chemicals. The potential impact of a positive outcome could be 
significant by reintroducing recycling programs in areas where it has been discontinued/scaled back, and 
once again contribute to a circular economy. Technology transfer will occur in traditional publication 
outlets. A link to tie the results to potential stakeholders is provided by the RRS waste consulting 
company.  

Progress and Outcomes: This project has only been funded for a year, and much of that year was 
encumbered by the COVID-19 pandemic. MSW for the study has been obtained through a dual-stream 
recycling facility in Emmet County, Michigan, and contamination types have been identified. 
Conversion screening has been performed for both paper and plastic. Some initial findings were 
presented, such as how washing MSW can increase the liquid and gas yield from MSW plastics.  

Overall Impressions: This is an interesting project with the potential for making headway into 
understanding how MSW can be transformed into a conversion-ready feedstock and contribute to a 
circular economy. 

• The project has a good division of labor responsibilities and communication plan. There is risk 
recognition coupled with mitigation strategies. With projects focused on MSW, I believe there should be 
some plan for monitoring of legislative actions that could affect the project to the point of rendering the 
approach unfit or obsolete, as well as increasing the project's importance. For example, just as the action 
by China increased the importance of this project, such actions currently taking place at the state and city 
levels are doing this as well. The project approach will advance the state of the art for technology goals 
at BETO. There are several conversion technologies that might become economically feasible, and 
therefore commercially available, if uncontaminated MSW is an available feedstock. It is of some 
concern that the approach did not mention how biohazards might affect the approach. There are 
quantifiable go/no-go decision points. I would have liked to have seen the corn stover price comparison 
points. I am not sure what the true potential for commercialization and the impacts from the production 
of a clean, economically advantageous MSW feedstock can or will be. The project has made solid 
progress toward its goals. There were timing challenges due to COVID-19, but the project is back on 
track, which is commendable. Overall, a good presentation in approach plan and management. Clear 
goals and progress. I would also like to know if there is a plan to test TEA/LCA conclusions and how 
legislative/regulatory actions can be accounted for and/or updated. 

• This is a tough project. I think the management team has done a great job funneling this tough 
workspace into meaningful data. I like how the groundwork was laid on "what" the MSW is and the 
percent of the constituents. I think this work will become more and more important as society evolves. 
Well managed, well executed, and impressive progress understanding the issue in relation to fairly new 
regulation. Thank you. 
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PI RESPONSE TO REVIEWER COMMENTS 
• We appreciate the positive comments from the reviewers, including the kind words on the quality of our 

presentation and the feedback that we are moving in the right direction. In addition, we are grateful for 
their comments for further consideration and future investigation. We agree that this work could lead to 
reintroduction of recycling programs that have been discontinued. That area is of particular interest to 
our team. We agree with the reviewer that it is a significant problem that waste streams are subject to 
change as changes at the policy level and in consumer packaging occur. In addition, every locale is likely 
to be different. Our approach was to begin with a defined case study that could be leveraged to provide a 
framework for other locations to study their individual waste issues. To maintain relevance, we have 
engaged with RRS, one of the premier waste consulting firms. Our collaboration with RRS provides us 
with an industry perspective on monitoring of legislative actions and allows us to pivot if needed. If 
things shift markedly in the industry, we can quickly shift waste streams to target as needed. Our current 
approach of manual sorting and characterization is indeed time-consuming, but we are also working on 
other BETO-funded projects to develop analytical techniques such as NIR, X-ray fluorescence, 
ultraviolet spectroscopy, 3D optical, etc. to characterize waste streams more rapidly.  

Regarding the project’s current research, the approach we took to screening conversion of 
decontaminated MSW included enzymatic hydrolysis of paper and pyrolysis of plastic. The 
contaminants we tested were chosen based on their prevalence in our waste stream. To clarify the sugar 
yields, the glucose and xylose yields were based on yield of sugar/initial sugar present in the material 
(e.g., glucose solubilized/glucose in the original paper). We are finishing up TEA/LCA, and the initial 
results are quite promising and more than competitive with corn stover. We are aware of the 
biohazardous nature of MSW and are handling all these materials at a biosafety level 2. This will result 
in challenges to the industry moving forward, and it is likely that some type of decontamination will be 
needed for technologies that are commercialized. The project team attended the BETO waste workshop, 
and these ideas were captured and shared with BETO.  

Finally, to address the reviewer’s comment about “It is not clear what a future plan would be for the 
project,” we hope to turn this project into a full 3-year project and will be writing a proposal to continue 
this pathway, as well as expand into other types of MSW and conversion pathways. The current project 
worked with industry experts to obtain representative samples; however, the upcoming proposal will be a 
good place to address adding an outreach component to the project to further engage with industry and 
communities. 
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ENHANCED FEEDSTOCK CHARACTERIZATION AND MODELING TO 
FACILITATE OPTIMAL PREPROCESSING AND DECONSTRUCTION OF 
CORN STOVER 
Montana State University 

PROJECT DESCRIPTION 
This project will address the challenge of processing 
the heterogeneous feedstock of corn stover by 
fractionating the biomass feedstock and both 
streamlining processing and generating new potential 
coproduct. Additionally, we will develop new field-
deployable analytical tools that will be coupled with 
empirical models that will be used to predict 
feedstock properties and processing performance. The overall scope of this project is to (1) identify conditions 
for optimal corn stover fractionation using two-stage physical fractionations; (2) assess how physical 
fractionation impacts properties, partitioning of biomass, and response to processing; (3) further adapt, 
develop, and validate several advanced characterization tools for assessing biomass properties that can be 
linked to processing behavior; and (4) develop and validate predictive models based on measurements that can 
be performed “in the field” or “at the biorefinery gate” to predict feedstock processing behavior (preprocessing 
and deconstruction). The first objective will employ pre-separation processing (size reduction), next subjected 
to enhanced separations (scalping separation, sieving, and air classification) to yield fractions enriched or 
depleted in select compositional components or properties. For the second objective, fractions will be screened 
for their response to post-separation processing (pretreatment and enzymatic hydrolysis), and detailed 
characterization profiles will be developed employing at least two techniques to assess the state of water 
association with the biomass (water retention value and low-field nuclear magnetic resonance relaxometry) and 
dynamic image analysis to assess distribution of particle size and morphology. For the final objective, we will 
utilize these tools to develop empirical models to assess the relative abundance of tissue type in order to assess 
fractionation efficacy and to predict fraction performance during pretreatment and enzymatic hydrolysis. 

A key impact of this project will be to develop the capability to tailor feedstock properties to the conversion 
process, allowing for more streamlined processing. Another important impact will be the ability to generate 
lignocellulose fractions enriched or depleted in select properties that could be used in other applications as 
coproducts, which is an important component of enabling the economics of cellulosic biofuels processes. This 
technology also has the potential to be employed at the regional depot scale, which addresses the critical 
challenge of feedstock logistics for low-bulk-density herbaceous feedstocks such as corn stover. Finally, this 
project will generate new, industry-relevant knowledge on biomass processing, providing value to industry and 
enabling commercialization of technologies for the conversion of biomass to biofuels and bioproducts. 

WBS: 1.2.2.100 

Presenter(s): David Hodge 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $1,300,000 
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Photo courtesy of Montana State University 

COMMENTS 
• There is no question that the results obtained with this project are needed. Corn stover has more dirt 

contamination than many of the feedstocks being considered. We now know that it must be cleaned if it 
is going to be used for continuous biorefinery operation. This is not a unique requirement—sugar cane is 
washed before it is processed. A cotton gin has some of the most sophisticated solid-solid separation 
technologies in all bioprocessing. Not only is the dirt removed from the seed cotton, but also all the little 
pieces of leaf, stem, and bole. Cotton in the bale is almost pure fiber. The option for simply washing the 
stover using filtration and recycling of the wash water, as is done with sugar cane, is not farfetched for 
me. This may be a cost-effective option for removing the surface dirt (ash). I have no idea how wet 
particles might affect any downstream classification technology. Obviously, any comment I make here is 
not a suggestion the scope of work should be changed. I wish to raise two points for BETO to consider 
relative to a final report (outcome): (1) authors are asked to rank potential for newly defined 
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cleaning/characterization technology to be scaled up for commercial use, and (2) authors are asked to 
rank the cost of the various commercial options. For example, Technology A costs $20/ton, and the ash 
content is X%. Technology B costs $25/ton, and the ash content is X-2%. This level of cost analysis may 
be beyond the scope of work for this study. However, it is a valuable result for biorefinery design. 

• Experimental models will be tested, including artificial neural networks, partial least squares, and mixed 
linear regression. It is not clear how the data sets for training or regression and testing or validation will 
be set up; considerations include data set size, major data variables, and modeling evaluation criteria. R2 
> 0.8 is required for predictive models. Why is 0.8 a threshold? R2 is not the only criterion to judge the 
robustness and sufficiency of a model. Regarding correlation verifications, it is a paired diagonal matrix 
of 11–12 variables examined. Why was hydrolysis not listed in the column, and pith content not listed in 
the row? This matrix just provides the correlation coefficients for paired variables. Using a paired test 
could provide the p-values of correlation significance of these paired variables. It is not clear how this 
process can be applied at a commercial scale with an industry partner. 

• Management: Well-defined project with clear objectives. Didn’t see any management or technical risks 
to the project.  

Approach: I can’t help but think that a lot of this type of characterization work has been done and is 
available in the literature. Emphasis on valorizing these fractions would help to understand how much 
could practically be spent on preprocessing—for example, if the value justifies the extra cost of 
preprocessing or optimization of the downstream process (can this be quantified?).  

Impact: The goals of the project are very ambitious. Under the Impact slide, I hope that the project can 
progress toward reaching these goals. The project is quite experimental in nature, but the goals are very 
applied. I’m not sure exactly how the research will translate to the application as succinctly as indicated 
in the goals.  

Progress and Outcomes: Appears to be some good characterization data on the comminution and 
fractionation testing. 

• Management: The team consists of two researchers from Montana State University and four researchers 
from INL. The communication plan includes meetings. This project will integrate with other work with 
FCIC members. Risks and mitigation will be discussed at team meetings. Challenges were identified, 
such as chemical and physical heterogeneity due to differences in anatomy and tissue types.  

Approach: The approach describes the technology to be used for property characterization, including an 
air classifier. Individual fractions are then pretreated to determine percent total glucan. Characterization 
tools, such as nuclear magnetic resonance, are used on the untreated and pretreated corn stover, and 
properties are further quantified.  

Impact: The impact of the project is clearly connected to potential significant outcomes, such as 
preprocessing in depots, to decouple feedstock handling from the biorefining process. The project will 
develop and use prediction models to assess preprocessing performance and predict corn stover fraction 
responses to biorefining.  

Progress and Outcomes: The fractionation process was verified.  

Overall Impressions: The project addresses the advantages of physical fractionation of corn stover. It 
examines several tools to characterize the heterogeneity within corn stover in conjunction with models to 
assess the benefits of preprocessing through hydrolysis. The team members suggest that this 
classification and characterization could occur in depots to decouple feedstock handling from the 
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biorefining process. This is a unique project that explores a whole new system for harvesting and 
fractionation. 

• This project has a good management and investigative team and excellent communications plan, as well 
as collaboration with the FCIC program. The work can have a positive effect on many of the issues that 
FCIC is trying to address with the handling and preprocessing of corn stover. I do believe that there 
should be more attention or thought to what risks may be on the project horizon and what plans can be 
developed to mitigate these risks. There was no real explanation on what the go/no-go decision points 
were or are. The approach is sound and thus far appearing to be following the timeline and reaching 
go/no-go decision points. In my mind, with a limited presentation time, there should have been more 
emphasis on existing work and less on the future of the project. This project can be very impactful and 
go a long way toward advancement of the SOT and BETO goals, especially the depot concept. There is a 
good plan for dissemination of results to industry. There has been good progress made and the schedule 
has been maintained. I believe in projects like this. It would be good for the PIs to include information 
not just on results, but also on what a successful project will enable industry to do. This is not to say that 
this was not mentioned, but I believe this is an important consideration. This project could be an 
important one to industry, and I would like to know what the PIs think this means. 

• This project is important and near to me. I feel this project could support the next step in corn stover 
biomass commodity development. Understanding the plant's characteristics, as opposed to a view of the 
entire composite of the plant, will likely help industry move to a more robust biorefinery design. This 
project is supported by lots of detail and appears to be managed very well. Thank you. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for providing insightful comments. We are pleased and encouraged that the 

reviewers did not identify significant weaknesses in the technical aspects, relevance, management, or 
current progress of the project, and that most of the feedback was focused suggestions that would 
improve the industrial relevance.  

Regarding the suggestion, “Authors are asked to rank potential for newly defined 
cleaning/characterization technology to be scaled up for commercial use.” As the project progresses, we 
will commit to comparing and ranking potential new technologies relative to the benchmark case.  

As other examples, “Authors are asked to rank the cost of the various commercial options… This level 
of cost analysis may be beyond the scope of work for this study. However, it is a valuable result for 
biorefinery design” and “Emphasis on valorizing these fractions would help to understand how much 
could practically be spent on preprocessing—for example, if the value justifies the extra cost of 
preprocessing or optimization of the downstream process (can this be quantified?).” Although TEA was 
not originally proposed for the project, we will commit to performing TEA characterization of select 
biomass characterization and fractionation scenarios as one output of this project.  

Another concern was the analysis we presented: “It is not clear how the data set for training or regression 
and the data set for testing or validation will be set up, such as the data set size, major data variables, and 
modeling evaluation criteria. R2 > 0.8 is required for predictive models. Why is 0.8 a threshold? R2 is not 
the only criterion to judge the robustness and sufficiency of a model… a paired test could provide the p-
values of correlation significance of these paired variables.” We are developing other models and means 
of relating characterization results to processing outcomes. We presented results with respect to the R2 
threshold of 0.8 because this was a target metric defined in the original FOA that we are addressing. 
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SWIFT: SINGLE-PASS, WEATHER-INDEPENDENT FRACTIONATION 
TECHNOLOGY FOR IMPROVED PROPERTY CONTROL OF CORN 
STOVER FEEDSTOCK 
University of Wisconsin 

PROJECT DESCRIPTION 
Corn stover is an abundant source of biomass that can 
be utilized for bioenergy production, representing 
70% of the available crop residues in the United 
States. However, recent projections estimate that over 
60% of corn stover will be collected at moisture 
levels that exceed 20%. This is incompatible with 
conventional baled logistics systems due to unwanted 
microbial degradation. SWIFT advances the use of corn stover as a feedstock for biofuels and high-value 
bioproducts through a novel and streamlined harvest, storage, and fractionation process. The novel approach 
employs four basic operations: whole-plant harvest with a modified forage harvester, anaerobic storage, 
cotransport of grain and stover, and separation of grain and stover anatomical fractions at the biorefinery. 

 

WBS: 1.2.2.101 

Presenter(s): Matthew Digman 

Project Start Date: 10/01/2019 

Planned Project End Date: 12/31/2022 

Total DOE Funding: $1,248,748 
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Photos courtesy of the University of Wisconsin 

COMMENTS 
• If corn stover is going to be a viable feedstock in Wisconsin, option like the one described will be 

required. The project is well organized and the team well qualified. If anyone can make this option work, 
this team can. I do not think the $70/dry-ton goal is attainable. So what? I firmly support this effort to 
find out what the cost will be for this option. The team should be encouraged to report the most accurate 
cost estimates possible. Two key issues occurred to me as I reviewed the project: (1) Gross income to the 
farmer—$5/bushel corn grain × 180 bushels/acre = $900/acre gross income. Can this income be matched 
with the described option? If not, why do I want to do it? (2) Can I harvest my crop at the same rate with 
a forage harvester as with a combine (acres/hour)? In the Q&A we talked about the number of in-field 
haul vehicles needed to keep a forage harvester moving. I expect the expertise in forage harvesting is 
greater in Wisconsin than anywhere else in the country. 

• It is not clear what major modifications to this single-pass harvester were, are, and will be made by the 
project team, in addition to the header. Visually, it seems the SWIFT harvest left relatively higher 
stumps compared to conventional harvesting, which would affect consequential site preparation and 
potential biomass collection. It lacks some details on what specific approaches will be used to achieve 
the project goals, such as data collection and validating for TEA and LCA. 
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• Management: Management identifies the tasks and identifies interactions between some tasks. The team 
includes members that appear to include the disciplines needed for project implementation. Both risks 
and mitigation measures are identified. The communication plan includes monthly meetings with an 
industry partner, John Deere Harvester Works. The team is sending graduate students to INL for the 
summer, which will aid in project communications between team members.  

Approach: The approach is clear and relates harvesting and biomass storage to the chemical and physical 
properties of stover. The approach will modify equipment to explore a new way of harvesting corn 
stover with a one-pass system, which, when combined with the various project tasks, may open more 
land for corn stover production.  

Impact: From the presentation photos (kernel damage, in-field kernel loss, storage alternatives, and 
separation techniques), it is apparent that the methodologies of field data collection are part of a larger, 
well-planned experimental design. If successful, there is clear potential impact from this project for not 
only widening the harvest window of time, but also in reducing the cost of pretreatments by fractional 
utilization. A manufacturer is a partner in the study, and this engagement is essential for 
commercialization of the modified equipment.  

Progress and Outcomes: A number of field experiments have been implemented in the first year of this 
study, including the modification of the whole-plant header, even with COVID limitations. An 
assessment relating kernel damage to cutterhead rotational speed has been completed. A storage study 
has been implemented, and separation work for anatomical fractionation has begun. All tasks planned for 
budget period 1, tasks 1 and 2 (verification and harvest), appear to be on schedule.  

Overall Impressions: This project proposes developing a single-pass harvesting system that can operate 
in a wider variety of field conditions than traditional multi-pass harvest systems. This system has the 
potential to make more acreage accessible for corn stover production. Other potential results may include 
a reduced cost associated with dry grain storage and increase in the number of full transportation 
payloads. Reductions in pretreatment and hydrolysis costs may be obtained through fractional utilization. 
On the other hand, farmers may be unwilling to mix their high-value grain with low-value stover. 

• Management: The project is in an early stage and could benefit from additional stakeholder involvement. 
It is encouraging to see that John Deere Harvester Works is involved, but are they open-minded or trying 
to market their solution? Farm associations could be helpful in preparing for scale-up issues and early 
buy-in. Could provide an outline of tasks and persons responsible. 

Approach: I’m honestly not sure I understood this project. I’m not clear on what the material in the 
project is (i.e., SWIFT particles). This project had a very novel approach. It did not look at fractionating 
or increasing the homogeneity of the product, but rather at maximizing the yield of the crop, I think. 
While the biomass product is more heterogeneous at this stage, it may lend itself to fractionation in a 
downstream process. I think this is a very novel approach to producing a lower-cost feedstock that could 
be homogenized later, or new markets for the unique feedstock could be found. There were parts of the 
approach that I was just not clear on (e.g., rapidly iterating fractionation system with virtual verification). 
There does not appear to be any work related to evaluating ecosystem services or sustainability studies. 
As another reviewer pointed out, this would be very important at getting buy-in from the community. It 
could be analogous to some public view of clear-cutting in the forest, and don’t want to create a negative 
perception, which will deter the implementation.  

Impact: Also wondering if there is any economic analysis that will be done and how will it evaluate the 
price of the final product if there is currently no market for it? This could be a risk that should be thought 
through.  

Progress and Outcomes: Early stage, but appears to be on schedule. 
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• The project has a strong management team, has established a clear management plan, has identified risks 
and mitigation steps, and has a good communication plan. I find two serious problems with the project 
premises. One, there is no such thing as weather-independent technology when entering and performing 
passes through a farm field. Even though one may work in wet conditions, serious damage can be done 
to a field, causing problems with future farming tasks such as planting. The second problem is there is no 
clear plan to address, earlier rather than later, the ability to separate the grain from the stover with little 
damage. If a farmer cannot realize maximum value for his or her grain, then this approach is a non-
starter. It will not be economically feasible. The project has a good representation of their timeline and 
go/no-go decisions and a plan to match fractions with conversion techniques and production of a 
TEA/LCA model. This project has the possibility of advancing the SOT and providing a basis for other 
innovation. I still believe the approach needs to pay more and early attention to the grain fraction 
recovery and the movement of it to market. I am not sure how farm economics and return on investment 
is affected by not having to dry grain. Grain for delivery to an elevator will have to be either dry or dried 
for storage. Traditional multi-pass corn stover baling operations have already reached DOT truck weight 
maximums. There has already been a single-pass system developed with BETO support at least 9 years 
ago that reduces ash to the intrinsic ash of the stover. I am not sure what is included in the $70/ton 
delivered price. The project team has made significant progress on their goals and adhered to their 
timeline. Risk mitigation was employed when needed. I don't find problems with the quality of the work 
or the outcomes as much as what impact the outcomes will have. 

• This project is very interesting from the biorefinery perspective. The potential for electrification of light-
duty vehicles brings more interest to this project as the market for corn demand lowers. This process is 
intriguing from a harvest efficiency and ash reduction standpoint. It does appear difficult to manage ag 
bags, but I think there are other options/solutions that could be implemented. It will be interesting to 
learn more about separating corn kernel from corn plant parts and the efficiency. I would like to see a 
little more definition on the downstream in this project, as I think it's a logical next step. A lot of good 
work has been done here; it is cutting edge, and it certainly brings potential for biorefinery downstream. 
Thank you. 

PI RESPONSE TO REVIEWER COMMENTS 
• We appreciate the reviewer’s perspective and critique of the SWIFT research project. We are encouraged 

by the comments and enthusiasm for this transformative process. Our team is pleased to hear that the 
reviewers agreed with our management plan and research approach. We are encouraged by the 
comments regarding our progress and outcomes. The motivation for the SWIFT process is that 
conventional stover harvest approaches result in an estimated 60% of the available corn stover collected 
at moisture contents that exceed 20%, resulting in a lack of ability to produce a reliable feedstock with 
conventional harvest and storage systems. Our stated goals for the SWIFT project are to (1) develop a 
corn stover harvest, storage, and transportation process that is less weather-dependent; (2) produce a corn 
stover feedstock with defined and measurable characteristics for superior conversion performance; and 
(3) reduce corn stover feedstock delivery cost to $70/dry ton ($2016).  

The task responsibilities are as follows: field harvest, storage, anatomical fractionation, and pith-rind 
separation (tasks 2, 5, 7, and 8) are the responsibility of co-PIs Digman and Shinners (University of 
Wisconsin); virtual verification (task 4), co-PI Tekeste (Iowa State University); anatomical fraction 
grouping, pretreatment, and hydrolysis yields (tasks 3 and 9), co-PI Wendt (INL) and TEA/LCA, co-PI 
Hartley (INL).  

To clarify the definition of SWIFT material: The SWIFT process starts with low-moisture (<40% w.b.) 
whole-plant corn. Consequently, SWIFT particles include grain, leaves, husks, cobs, and stalk fractions. 
The material is chopped (mean particle size <1 in), can be handled in a bulk format, and is stored 
anaerobically. There would be multiple options besides silo bags for anaerobically storing the whole-
plant material, including drive-over piles and bunker silos. These options could be managed by cutting 
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blocks of densified material and moving them just in time to the biorefinery. A similar technique is used 
in robotic feeding of dairy cows.  

Regarding the innovations around the harvest process, the SWIFT process does not rely on proprietary 
technology developed by our project partner. The University of Wisconsin team has made all technical 
developments and machine modifications. One specific modification is the addition of a stalk cutoff 
knife on the ear snapper head. Depending on the placement of these knives, the corn stalk is cut off at a 
different location as the corn is pulled downward by the stalk rolls. This not only changes the cutoff 
height, but also preferentially selects the leaf fraction. This approach is less discriminating than the 
whole-plant header, which selects plant material by cutting height, and consequently, some fraction of 
both the stalk and leaf material is left behind in the field. Through this innovation, we have the capability 
of selectively harvesting material. We can leave as much or little stover in the field to meet the 
environmental requirements of the farmer or landowner. This isn’t unlike whole-plant corn silage harvest 
that is widely practiced in dairy farming systems. Additionally, conventional stover harvest occurs days 
or weeks after grain harvest, challenging the ability to grow cover crops before winter onset. Cover crop 
seeding can begin the same day as SWIFT harvest, making it an attractive conservation option.  

To address the risk associated with storing the grain fraction anaerobically, the team has focused on 
mitigating grain damage at harvest through process variable optimization on the self-propelled forage 
harvester, as well as developing an alternative strategy that utilizes a combine harvester that threshes but 
does not separate the grain. The team has also dedicated significant time and resources to recover a high-
quality grain fraction from anaerobic storage. In the end, however, the SWIFT process will be most 
consequential when corn grain can be co-utilized at the biorefinery without drying. It is important to note 
that in the current state-of-technology system, grain is lost at harvest, contaminated with foreign 
material, and damaged during drying and handling. The SWIFT process provides the opportunity for 
downstream fractionation of the stover. This is one of the advantages of mitigating the risk associated 
with the co-storage of the grain and stover. Selective fractionation of the stover anatomical fractions has 
yet to occur and will be informed by our collaboration with Dr. Wendt at INL.  

Finally, we are committed to scientific integrity and transparency in our cost models and assumptions. 
The harvest rate for SWIFT is favorable when compared to grain harvest. Our work to date demonstrates 
the utility of SWIFT to achieve a 30-ton/hour harvest rate compared to our verified baseline of 14 
tons/hour for baling, in addition to eliminating non-value-added processes such as shredding and raking. 
Our preliminary analysis and that published by others indicates that the cycle times and cost associated 
with hauling the stover are favorable to collecting, loading, transporting, unloading, and stacking bales. 
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STANDARDIZED RISK ASSESSMENT AND CRITICAL PROPERTY 
ANALYTICS 
Idaho National Laboratory 

PROJECT DESCRIPTION 
One of the primary hindrances to producing a viable, 
sustainable biomass industry for renewable biofuels 
and bioproducts is the lack of understanding and 
quantification of the risks associated with the biomass 
supply chain and preprocessing and conversion 
technologies. The objective of this project is to 
facilitate “de-risking” bio-project development by (1) 
developing systematic methodologies and frameworks to assess risk and (2) applying statistical approaches to 
identify and quantify biomass critical properties associated with risk. To address supply chain risk, Task 1.1, a 
collaboration with industry partner Ecostrat, is developing a Biomass Supply Chain Risk Standards (BSCRS) 
framework intended to provide a comprehensive list of risk indicators and scoring methodology to quantify 
project risk. To address technological risk, Task 1.2, in collaboration with the Feedstock-Conversion Interface 
Consortium, is developing a systematic criticality assessment methodology using well-accepted quantitative 
risk analysis methods to evaluate critical properties impacting preprocessing and conversion unit operations. 
To better understand risk assessment identified critical properties, the goals of Tasks 2 and 3 are to use 
available data sets for advanced computational applications to (1) quantify ranges and sources of critical 
property variability and (2) identify and quantify critical property impacts on preprocessing technologies. 

 

WBS: 1.2.2.2 

Presenter(s): Rachel Emerson 

Project Start Date: 10/01/2018 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $2,224,596 
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Photo courtesy of Idaho National Laboratory 

COMMENTS 
• It is a good, reasonable project. I am wondering how these 100 industry stakeholders were selected for 

inputs for risk factors and scoring system. These risk factors could be changed and varied according to 
policies by current and future administrations. It is not clear how to deal with the biases from the 
participants and uncertainties of major factors affecting risks. Regarding large historical field studies, in 
addition to Sun Grant programs, USDA’s National Institute of Food and Agriculture has awarded more 
than 20 Coordinated Agricultural Projects nationwide over the last 8–10 years. Both INL and Oak Ridge 
National Laboratory were/are involved in some of these projects. A partnership could be developed for 
this project with them. Everything in here is economics driven. If a biomass supply chain project cannot 
attract investors, then it simply implies that risks exist in the project. They could be supply/demand 
related, technological and market of the final products, and beyond. I am thinking a 
weighting/normalizing scoring system might need to be further explored to improve the de-risking 
process. 

• I will say that it appears to me this this project sets an example for communication between the various 
national lab projects. It looks like there is a well-developed flow of information from the other projects 
into this project. Well done. Anyone dealing with agriculture has a different risk scale. Particularly with 
herbaceous crops, a dry summer reduces yields, a wet harvest season will increase harvest losses and 
maybe also increase storage losses, etc. Weather models based on historical weather records might have 
a use in this work. I am a strong supporter of the Bioenergy Feedstock Library; it is a valuable resource. I 
am going to use the rest of my space here to advocate for a companion library for equipment cost. I am 
thinking specifically about the mobile machines used to harvest and deliver biomass. There is a wide 
variety of this equipment from a mower-conditioner cutting switchgrass to a chip van delivering wood 
chips. My idea is for a central repository for operating cost data ($/hour) for all these machines, and a 
common procedure for calculating these costs. There may be, and probably will be, a different cost for 
different regions, but these costs should be comparable. Simple example—What is the cost for a truck 
driver (with a commercial driver's license) in the Southeast versus the Midwest? These data are probably 
available in a database somewhere. Also, there are custom rate tables for harvest machines (balers, 
forage choppers, etc.) in various regions. I advocate that all BETO projects reference the central database 
(library) for their total economic analysis of harvest and delivery cost. Labor cost is typically the largest 
component of the dollar-per-hour cost. Can there be an agreement on how this cost is computed for 
comparison purposes? For example, I use a salary of $25/hour for an operator. Is it appropriate to use 
25+25 (employer payments, benefits, etc.) to obtain a $50/hour labor cost in the analysis? 
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• Management plan has very little weakness. There are excellent objectives such as identification and 
quantification of biomass critical properties associated with risk. Good communications strategy with 
multiparty input from industry (over 100 advisors), national labs, and BETO. Clear recognition of risks 
associated with each task and subtask, as well as mitigation plans for those risks. This type of ratings 
service similar to Moody's or S&P's could make access to capital much easier, as well as cheaper. The 
project has clear go/no-go decision points and methodologies for this decision. Challenges are identified; 
however, not much in the way of risk mitigation. The overall approach is robust, and there is a good mix 
and volume of quantitative and qualitative data input and analysis to develop strong predictive models. 
The project will help advance BETO MYPP goals, as well as advance the SOT with an innovative 
approach. Developing a standardized methodology to assess risk in biomass supply and biomass 
variability risk for the financial community will expand access to capital. Many institutions currently feel 
uncomfortable with their abilities to analyze and quantify project risks. However, acceptance by the 
financial community could create a significant breakthrough for capital formation. Progress and outcome 
provide critical tools for the financial industry to have confidence in the methodology for the 
quantification of risk, which will enable capital formation for the industry. I do find that there needs to 
be more attention to how to generate industry acceptance. This will be critical for this project to meet its 
overall objective of making investment-grade capital available to bioeconomy/biomass project 
developers. 

• Management: This project began in October 2018 and ends in September 2021. A go/no-go was held in 
FY 2020—$3.2 million. Management includes communication strategies that include advisory boards, 
subject matter experts, and stakeholder groups. Weekly team meetings are also included in the 
management plan. Risk identification and mitigation strategies are addressed.  

Approach: The project has developed a risk scoring method (BSCRS) and passed a go/no-go decision 
point in FY 2020. The Task 1 approach has been modified by adding a new subtask (task 1.2) to address 
technological risk. The approach for tasks 2 and 3 includes consideration of properties of materials from 
the Bioenergy Feedstock Library and other BETO projects. There is value in using a known data set to 
test the proposed assessment, as long as the data set includes the targeted material properties. However, 
innovation related to quantifying the impact of critical properties for preprocessing technologies is not 
clearly represented.  

Impact: There is value in having a systematic risk assessment, especially when it includes geographic 
influences on feedstock quality variability. However, there isn’t enough detail provided to understand the 
full extent of how the project will provide a protocol for quantifying biomass supply chain risk. The full 
supply chain would include harvesting and transport, weather, and a host of other variables.  

Progress and Outcomes: Initial results indicate that the risk assessment provides a decision tool that may 
help in reducing perceived risk associated with bioenergy projects. The formed groups of subject area 
experts could contain bias, which could limit the severity/occurrence/detection guidance tables.  

Overall Impressions: This is a big project that is difficult for a lay audience to understand because of the 
abstract nature of it. It has the potential to remove barriers that could impede adoption of bioenergy 
technologies. 

• Management: Good management structure outlined in the project, including inclusion of many 
stakeholders of various backgrounds. Task 1.1, which was near completion, seemed to be well managed. 
It is positive to see a large stakeholder group involvement, which is especially important for identifying 
diversity of risks. How will the results be disseminated, and can they reach the business community that 
needs this information? Details on the management of task 1.2 was not clear. The evaluation of failure 
mode and effects analysis (FMEA) as a tool for evaluating risk analysis to biomass quality is novel and 
important to investigate. Not confident from the presentation that a plan has been devised for acquiring 
the data required. No mitigation strategies were evident.  
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Approach: FMEA is advancing the state of the art for determining risk associated with biomass quality. 
Interesting approach for sure. I am not sure how the critical material attributes and critical process 
parameters are to be derived, but you will need significant industrial involvement, even more so than for 
task 1.1. A sophisticated and logical approach.  

Impact: Task 1 will have a large impact on investors looking at bioenergy/biorefinery options. I am not 
sure the extent of the supply chain to be examined, but should be a good start. This is a significant piece 
of the quality-by-design piece of the puzzle that is missing. This will enable quantification of the impacts 
on downstream processing of the costs associated with out-of-spec biomass. Dissemination should 
include some industry-geared conferences.  

Progress and Outcomes: Not sure how the risk assessment was affected by the analysis given my own 
lack of understanding of the system, but it showed positive results. Buy-in from investors is important, 
and consideration should be given to how this may be accomplished. Who do you need to partner with? 
One outstanding question is once you know a material is going to cause problems, can an action be 
taken? For example, if the whole crop of Miscanthus had a different chemical composition for a harvest 
cycle, what options does the biorefinery have (i.e., as shown on the slide). This demonstrates that 
understanding the limitations of the biorefinery needs to be considered. 

• This project is well managed. I believe the data sets generated with this model will help provide insight 
into the validity of future capital investments for biorefinery. This work illustrates a good point that the 
grade of the biomass needs to improve. This result adds more horsepower behind improving the quality 
and commercialization of biomass commodity. Thank you for a job well done. 

PI RESPONSE TO REVIEWER COMMENTS 
• We appreciate the reviewers’ positive comments for the project objectives to identify and quantify 

biomass properties associated with risk and contributions to BETO’s MYPP goals. Biomass quality 
(critical properties specific to product quality, process efficiency, economics, and sustainability for a 
technology conversion pathway) will continue to be an important consideration for bio-project risk that 
this project captures well in both the BSCRS framework, which includes a risk category specific to 
variability in feedstock quality, and the FMEA approach, which includes generating relationships 
between critical properties and failure modes for specific feedstock technology unit operations.  

We thank the reviewers for their comments on the communication strategies of this project. We plan to 
further strengthen these various project-to-project communication aspects and improve our dissemination 
and outreach strategies.  

Regarding the use of weather models and other resources associated with the various risk indicators, the 
BSCRS framework includes a resource component intended to provide information regarding available 
resources associated with the risk indicators (e.g., environmental models being developed under Task 2 
of this project, bioenergy resources databases such as the Bioenergy Feedstock Library).  

The reviewers point out the importance of dissemination and industry acceptance for the products 
developed through this project. This is specifically important for the BSCRS framework, as this tool has 
the most potential for market technology transfer. We completely agree with this concern and will need 
to continue to communicate with the project’s stakeholder group, validate the BSCRS framework with 
relevant case studies, and disseminate the research. This will necessarily include a combination of 
industrial-relevant conferences and communication and expansion of our stakeholder group, which 
includes multiple representatives from financial institutions. Outreach and communication are core 
strengths of our project industry partner, Ecostrat, who has been key for communication of the BSCRS 
framework in the industry community.  
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The reviewer identifies the challenge of risk evaluation for bio-projects. The tools and knowledge 
developed through this project could help bio-projects perform self-evaluations for risk, along with 
providing a standardized framework understood by financial institutions. Though the BSCRS primary 
product is geared toward standardized risk evaluation by a bio-project lender and/or rating agency, the 
framework includes a comprehensive list of risk indicators, associated required project documentation, 
guidance, and identified available resources, all intended to be made publicly available. This would 
allow an institution to use the BSCRS framework for self-evaluation. Additionally, the FMEA approach 
proposed by this project has been thoroughly adopted by other industries, including automotive and 
pharmaceutical. In this project we are demonstrating how this approach could be adapted and adopted in 
the bioenergy sector. This could also be a self-administered method for bio-project technological risk 
assessment.  

We value the reviewer’s comments on the development of the BSCRS framework. The industry 
stakeholder group members for the BSCRS development were selected to maximize the representation of 
entities that would be involved in the bioenergy sector, including feedstock suppliers, financial 
institutions representing lenders and ranking agencies, landowners, equipment manufacturers, and 
relevant bio-project owners, along with academic and government research institutions. By collecting 
feedback/inputs from a wide range of stakeholders, diversity of opinions and experiences helps to ensure 
that individual biases do not impede objectivity of the analysis. The reviewer brings up a good point of 
an “economics-driven” focus. We believe that the current analysis and list of indicators/categories 
included in the BSCRS transcend economics alone and account for quality and environmental 
considerations.  

Regarding an implementation of weighting criteria in the BSCRS scoring analysis—we thank the 
reviewer for this comment. We currently have employed a weighting system that does allow for the 
framework to be adjusted and applied to multiple feedstock supply chains (e.g., agricultural residues, 
woody). This weighting system continues to be refined as different feedstocks are evaluated through case 
studies using the standards. These case studies have also highlighted challenges related to data 
availability, which can also provide insights into potential improvements to our scoring and weighting 
methodologies.  

We appreciate the reviewer bringing up the importance of risk indicators associated with harvest, 
transportation, and weather events, further supporting the inclusion of these indicators in the BSCRS 
framework. During the presentation there was not enough time to highlight all the various risk indicators 
that have been included in our framework. Altogether there are 128 risk indicators grouped into risk 
factors within the six risk categories used to evaluate project supply chain risk. Under the supply chain 
risk category (category 3), there are indicators included that do cover risks associated with harvest, 
transport, and weather aspects (e.g., risk indicator 3.7.1 “Seasonal weather impacts on feedstock supply” 
requires proponents to provide evidence of understanding of the impact of seasonal weather over time on 
harvest timing, quality, and yields). The BSCRS framework will be made publicly available and can be 
accessed at https://bioenergylibrary.inl.gov/BSCR/Home.aspx by the end of the project so that these 
indicators are more widely available to the broader bioenergy community.  

The reviewer brings up an important aspect of an equipment logistics cost-type database. Though this is 
likely out of scope for this specific project, it is an important programmatic objective that INL is well 
poised to contribute potentially through INL’s Feedstock Technologies platform projects. We appreciate 
the reviewer’s thoughts on this higher-level goal.  

We would like to clarify some of the aspects of our FMEA approach to address the reviewers’ 
comments. Our FMEA efforts this year included completing a proof-of-concept FMEA with the goal of 
determining if the approach would be an appropriate tool for risk evaluation using the research 
approaches being investigated by the FCIC and INL’s Feedstock Technology platform projects. The 
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FMEA approach requires interviews with subject matter experts to gather the necessary data. From these 
interviews, the primary failure modes for each unit operation in the context of a technology configuration 
pathway and operational mode are identified. For each of these failures, a risk priority number is 
calculated considering the severity, occurrence, and detection ranks. Along with these standard FMEA 
outputs, the associated critical quality attributes, critical material attributes, and critical process 
parameters are also documented in relation to the various failures and calculated risk priority number, 
allowing for more quantifiable impacts of critical properties in the context of a failure mode. The FMEA 
approach provides a valuable framework for evaluating preprocessing and conversion systems in a 
standardized manner. The success of full implementation of FMEA in the future will require 
standardization and refinement of language to ensure consistent interpretation amongst subject matter 
experts, as well as replication to incorporate diversity of experience for each unit operation evaluated.  

Regarding the reviewer’s comment on the potential bias of the subject matter experts used for our 
proposed FMEA risk analysis approach, our team agrees that this will always be a risk with this type of 
approach. The assembled subject matter expert teams would ideally include researchers with various 
experience levels, different backgrounds, and multiple researchers representing single unit operations. In 
this proof-of-concept stage of evaluating the use of FMEA, the subject matter expert teams are somewhat 
small, but it is intended that these teams expand with the adoption and potential expansion of FMEA as 
an approach to reduce potential bias. This adoption will be determined in the coming quarters of this 
fiscal year.  

The reviewer’s comment regarding quantifying the impacts of critical properties for preprocessing 
technologies is acknowledged. We agree that not having all of the suspected critical properties for this 
type of analysis would be problematic and result in underwhelming and ineffective results. Fortunately, 
the concurrent activities of this project and the experimental projects collecting the data sets have 
allowed for strong inter-project communication, better ensuring that the full suite of critical properties 
under investigation are collected. The properties presented for the presentation only represented the few 
properties that were found to be significantly related to the evaluated separation efficiency response; 
however, for this analysis, there were additional properties evaluated, including chemical properties 
(e.g., carbohydrates, lignin, total carbon) and physical properties (e.g., bulk density). Additionally, the 
statistical approaches selected for this analysis were intended to help identify potential missing critical 
properties. Along with our Task 1.2 FMEA development approach, this critical property impact 
quantification effort is relatively new and will need to be further refined to ensure that the results are 
relevant and useful.  

Finally, the reviewer’s comment regarding the options a biorefinery has once a problem has been 
identified is not something this project can solely address; however, this project can contribute some 
solutions to this overarching biorefinery challenge. (1) Through the BSCRS framework, a biorefinery 
project would necessarily have had to consider variability in the incoming supply and have supply-based 
mitigation strategies in place. (2) The BSCRS risk indicators, coupled with the environmental prediction 
models being developed by this project, could provide a forecasting ability for bio-projects to develop 
mitigation strategies for extreme case variability from a single harvest cycle due to climatic events prior 
to those events occurring. (3) Part of the FMEA approach includes documenting and assessing actions 
and/or mitigation strategies for the failure modes. These mitigation strategies can capture the innovative 
research and technology developments that the FCIC and INL’s Feedstock Technologies platform 
projects are developing in the context of unit operation specific ranked failures that could be beneficial to 
bio-project development. 
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NEXT-GENERATION LOGISTICS SYSTEMS FOR DELIVERING OPTIMAL 
BIOMASS FEEDSTOCKS TO BIOREFINING INDUSTRIES IN THE 
SOUTHEASTERN UNITED STATES 
University of Tennessee, Knoxville 

PROJECT DESCRIPTION 
The diverse portfolio of biomass sources that is 
available in the Southeast, including a significant 
supply of pine “residue,” represents a valuable 
strategic position for the region. Through blends 
formulated based on critical properties, this project 
will take full advantage of the range in biomass 
properties afforded by the portfolio to produce a 
consistent, high-performance feedstock for the industry, while lowering cost. Key developments being targeted 
to enable this potential include whole-tree transport to a state-of-the-art merchandising depot that will further 
access biomass from ongoing forest industry operations. The approach will more effectively utilize the tree and 
distribute cost, while minimizing in-woods contamination of the woody biomass component. To implement 
this vision, information on the chemical composition and changes that are induced during multiple 
preprocessing steps (size reduction, moisture removal, densification, etc.) is needed. Novel NIR sensor 
technology will be utilized for online monitoring of important biomass properties that impact process 
efficiency. The data will be incorporated into a statistical process control platform to improve process 
efficiency and meet required specifications. Advanced process models are being developed to inform the TEA 
and LCA of the program’s impact. The new system will ultimately reduce operational risks from supply chain 
disruptions and allow larger-scale biorefineries. 

 

WBS: 1.2.3.107 

Presenter(s): Tim Rials 

Project Start Date: 02/01/2016 

Planned Project End Date: 01/31/2021 

Total DOE Funding: $4,000,000 
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Photo courtesy of the University of Tennessee, Knoxville 

COMMENTS 
• The opportunity to campaign feedstocks (one feedstock supplied part of the year and then another 

feedstock [or feedstocks] fills in for the remainder of the year) provides a major advantage for the 
Southeast. The project identifies forest residue and switchgrass as the two feedstocks with the highest 
potential. I agree and endorse this project 100%. This project has a different approach to achieve the 
multi-feedstock advantage. I had not considered the option of blending switchgrass and pine forest 
residue continuously for year-round delivery. There was not sufficient time in the presentation to 
contrast the two approaches and explain why the continuous blend option is best. It was easy for me to 
visualize the delivery of chipped pine forest residue to the blending depot. This is commercial 
technology. The issue of receiving and processing bales of switchgrass is still unsolved, though some 
progress has been made. I hope this team will have an opportunity to continue their work. It is my view, 
a little self-serving, that the Southeast will ultimately have the largest biorefinery industry in the nation. 
This project provides significant progress toward that goal. 

• Merchandizing and new equipment such as a new trailer design are the major components in this project 
for the next generation of biomass logistics systems. Certainly, merchandizing sawlog is always 
encouraged due to its higher value. However, the analysis should address the optimization of integrated 
sawlog, pulpwood, and biomass production with some case scenarios such as merchandizing in the 
woods versus on landing, and products combinations. For the trailer design, axle weight was mentioned. 
It is not clear to me how the dimension, gross vehicle weight, and field performance such as safety 
features and radial turning of the tractor trailer were evaluated. Depot concept was discussed in the 
project. It is not clear how the number of depots used and their distributions in a certain procurement 
area could affect the performance of the proposed logistics systems. The project focuses on pine residue, 
switchgrass, and hybrid poplar, which is fine. According to Oswalt’s Forest Resources of the United 
States, 2017 (2019), the net volume of hardwoods timber on timberland in the southeastern United States 
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accounted for 57% versus 43% of softwoods timber, although the annual removal of hardwoods timber 
was 22% compared to 78% for softwoods timber. Considering potential hardwoods residue production, 
how could this proposed logistics system be applied under the hardwoods stand conditions? 

• Management: The team members identified are respected in their fields. The project includes relevant 
industry partners. Communication plans are not presented but were mentioned in the responses to the 
2019 reviewer comments. The risk and mitigation strategies are not presented under Management, but 
some were mentioned, such as trucking the pine residues to INL as soon as possible to avoid mold 
growth. This project ended on 1/31/21.  

Approach: Four main tasks are identified. The project overview describes connections from harvesting 
and transport logistics to characterization and blending that would reduce the dependence and potential 
risks related to single sources of biomass at conversion facilities. Of special note are the use of high-
moisture pelletizing and online NIR sensor development. The project was limited in that it only modeled 
depot costs and did not address operational considerations for a depot.  

Impact: The project explored integrated merchandising, quality monitoring, and formulated feedstocks 
(blending pine and herbaceous crops in the Southeast, which can enable larger-scale biomass facilities).  

Progress and Outcomes: The finding that the merchandizing approach encouraged production of saw 
logs rather than pulpwood is not surprising. Single-stem handing always adds to the cost of producing 
woody biomass from standing trees. The summary indicates that blending increases the feedstock cost by 
$6/ton (not including pelleting), but it is unclear whether the project produced the blended material 
within the cost range of $84/dry ton or what needs to happen to meet that delivered cost.  

Overall impressions: This project reviewed a variety of important steps related to harvesting, feedstock 
characterization, blending, and pelletizing. It was well integrated and examined a full range of feedstock 
supply logistics. 

• Management: Excellent group of collaborators. The variety of industrial participants is significant and 
will make great strides in getting the technology and ideas to the next level of implementation. Also, the 
involvement of industry from an early stage is very important for buy-in from industry, as well as 
bringing their perspective to the project.  

Approach: Sound approach to the project based on the idea of using various sources of biomass will 
expand the area of opportunity, which should reduce costs (i.e., transportation) and centralize capital and 
operational costs. This would make the preprocessing more efficient and bring the human resource 
expertise needed to focus on development and optimization. The idea of merchandising the biomass 
makes sense. It may open new markets and competition for specific components of the biomass. The 
blending of the biomass will assist in advancing the state of the art to delivery of a more consistent 
quality feedstock. Appreciated the number of industrial collaborators to keep the project relevant and 
allow these collaborators to enhance their own equipment/process research.  

Impact: This type of operation might allow for building expertise in preprocessing biomass and take this 
effort away from biorefinery, which is not focused on the raw material, but rather the process. This extra 
step in the supply chain needs to be carefully evaluated. Risks may be the added cost/greenhouse gas 
emissions and material loses. Benefit is the more consistent supply, but what I felt is missing is the value 
proposition for the sorted biomass. What is the higher price that users will be willing to pay? 
Unfortunately, there is not enough discussion on the LCA results to understand the results presented.  

Progress/Outcomes: It is difficult to evaluate the meaning of some of the more technical results because 
of the limited question period and the short presentation time allotted for the large number of significant 
findings. I am especially interested in understanding the LCA results, where the depot case showed 
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higher global warming potential than the baseline. The pyrolytic product yield does not show a high 
degree of variability in the products when spanning mixes of 100% switchgrass to 100% pine residue. 
Therefore, I wonder how much effort should be put into the detailed characterization if the biomass is to 
be used for thermal conversion to heat. Good advancement of the NIR sensor development. Control 
strategy from the information might be the next step. How will the information be used to help the 
biorefinery operation? What about blending ahead of time or as information to the biorefinery operation 
so the process can be adjusted to incoming feedstock? I would have liked to hear more about high-
moisture pellet processing. Advantages/disadvantages TEA? 

• This is a completed project for the BETO program. It is generally a strong project with few significant 
weaknesses. As a completed project, some of the applicable scoring criteria are not as relevant. For 
example, I understand that the management communication plan is no longer relevant, but it would have 
been good to see the plan anyway, as it might serve as an example to other projects. The impact of the 
project is significant, as it has the potential to significantly expand existing supply shed areas of 
southeastern forest (woody) biomass supplies and add significant conversion potential. It should also be 
noted as a project strength the ability to mix feedstocks and produce a fuel that meets specifications for a 
biorefinery, which should ensure efficient and sustainable conversion. There is commercial potential and 
an excellent cross section of industry partners. I did not see a plan on how the information was to be 
communicated to industry, and this is a project weakness that should be rectified. A detail in the project I 
would have liked to see addressed is the significant trucking costs in a greatly expanded supply area. I 
am not saying they were not considered, but I did not see the information. Another potential weakness in 
the project is there was no work done to see how the projected $6/ton increase in feedstock cost might be 
offset by decreased pretreatment and preprocessing coupled with increased conversion efficiency at the 
biorefinery. I strongly encourage BETO to consider doing this work because an increase by $6/ton is 
significant. 

• This is a great concept overall. The project statement lacked some risk mitigation thought; this is a 
commercial-scale operation, so it helps to alleviate some technical risks. I think the project demonstrates 
a clear connection to goals and commercialization. The depot concept is very intriguing to potentially 
push the commodity into other markets. There is also substantial benefit for transferring ownership of 
feedstock quality and management away from the biorefineries. Great work. 

PI RESPONSE TO REVIEWER COMMENTS 
• On behalf of the LEAF team, we appreciate the opportunity to participate in the 2021 Peer Review 

meeting and highlight the contributions the project made to deliver high-quality feedstock to the 
biorefinery. It is always challenging to provide a level of detail that captures the full impact of the work, 
and this year was no exception, as evidenced by the thoughtful questions and comments from the review 
panel. Our response to selected questions is presented below and hopefully offers an additional degree of 
clarity.  

A basic question impacting implementation of the depot concept is the capability to transport whole trees 
to the centralized depot for merchandising. The project team at Auburn University addressed the 
challenge by introducing a new trailer for hauling timber with the tops intact. The trailer was designed 
and fabricated to meet state and federal regulations that are in place today after surveying regulatory 
requirements in the region. The wheelbase of the trailer system was the same as current tandem axle 
trailers, so the turning radius of the tri-axle trailer will be the same as the conventional tandem axle 
trailers commonly used in the southeastern United States. Even with the gates swung back around the 
load, the trailer remains just under 53 feet, which is a legal length. As for gross vehicle weight, our 
conclusions state that with biomass attached, load weights can exceed 80,000 pounds (the current legal 
limit). There are efforts at the federal level to raise this weight limit to 96,000 pounds if there are six 
axles, which is why we put a tri-axle configuration under the trailer. If this legal limit could be raised to 
96,000 pounds for the tri-axle configuration, this trailer design could be used to transport the additional 
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biomass; otherwise, the benefit of hauling biomass in this trailer design will be reduced, as there will be 
more value in transporting higher-value products (pulpwood and sawtimber).  

Our objective in doing these simulations was to study costs for a regional supplier hauling whole trees to 
an intermediate processing facility versus in-woods merchandising. “Regional” in this context was 
central Alabama, and a supplier was taken to be a collection of logging contractors in that particular 
region. This approach allowed us to compile considerable data on harvest cost in collaboration with our 
industry partner (ForesTree), lending an added degree of confidence to the simulations. Marginal costs 
associated with altering the location of the facility within the region were of secondary importance, 
because it was always assumed there would be a secondary transportation step necessary to convey 
residues to a conversion facility drawing from a number of such depots. Final hauling costs would, 
therefore, be confounded with configuration of the satellite processing facilities more so than any single 
facility location and would be best studied at a super-regional level. The location chosen in analyzing 
intermediate processing facility costs was near the center of the region from which wood was drawn. 
Costs were also evaluated for an alternate site, one near the perimeter of the roughly circular wood 
supply region. Costs for the in-woods processing option were slightly lower for certain sites (average 
$2.04), the difference being higher primary transportation costs (average $1.92). The difference was 
more dramatic for the intermediate processing facility option, with costs being generally higher by $8.59 
(25-ton truck capacity) and $8.52 (33-ton capacity). Increases were again overwhelmingly due to higher 
primary transportation costs. Although residue costs were nearly 30% higher for the less centrally 
located intermediate processing facility, the difference might have been recouped in lower secondary 
transport costs. This scenario would need to be evaluated at a larger scale. The basic premise of this 
project was focused on southern pine and switchgrass. Our scope of work did not address hardwoods. 
Therefore, the work to design the trailer and model the merchandizing systems were focused only on 
southern pine.  

The question regarding the value proposition of the approach very accurately summarizes the potential 
risks and potential benefits of the depot concept. The depot will add significant capital costs, and some 
operating costs, and in our analysis these costs are not likely to be recovered by lower transportation 
costs of the densified feedstock. While all manufacturing processes work hard to lower the costs of the 
feedstock, the feedstock cost is not the only factor that affects the minimum fuel selling price (MFSP). In 
the case of a biorefinery, the capital cost per annual gallon is also a major contributor to the MFSP. Thus, 
the added cost of the depot could be recovered by increasing the production scale of the biorefinery, 
which lowers the capital per annual gallon. With the centralized model, the size might be limited to 
1,500 to 2,000 dry tons /day of feedstock, or 25–35 million gallons of hydrocarbon fuel. With the 
inclusion of three to five large depots, the production at the biorefinery could increase to 4,000–6,000 
dry tons, or 70–105 million gallons of hydrocarbon fuel. This scale allows for much lower capital per 
annual gallon and a lower MFSP. It is also comparable to the average corn ethanol biorefinery. A second 
and potentially even more compelling benefit of the depot is the creation of the high-density feedstock, 
which will be much more easily handled within the biorefinery. Feeding problems have bedeviled the 
commercial biorefineries, but this densified depot product will be much easier to feed and handle. The 
U.S. wood pellet industry is producing more than 15 million dry tons of easily handled, flowable pellets 
that can help overcome the problems with raw, unconsolidated biomass. This work shows that increasing 
the time on stream 10% can lower the MFSP by $0.20–$0.30/gal. The benefits depend on the feedstock 
ratio and the biomass ash content. Although time constraints limited discussion on the LCA, the results 
for the depot concepts are detailed in our publications.  

The review panel is correct that the composition and bio-oil yield were not heavily dependent on the 
biomass source, but the yield and overall economics were heavily dependent on the moisture content and 
ash content, which is related to the source of the biomass. In particular, the LCA implications of the 
depot are heavily dependent on the ratio of relatively wet forest residues and relatively dry switchgrass, 
which then determines the amount of natural gas needed to run the biomass drier at the depot. The 
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centralized biorefinery has a large excess of process heat, and biomass dryer could be “heated” with off-
gases from the pyrolysis unit or from the central power plant. Thus, the fuel produced in a centralized 
biorefinery will have lower greenhouse gas emissions than the fuel produced at a depot running at 25% 
or more forest residues. We hope to have the opportunity to continue the development and demonstration 
of the benefits afforded by the online NIR sensor. As noted, even though product composition was not 
found to be particularly sensitive to the formulation of the switchgrass/pine residue feedstock, moisture 
and ash do impact yield and overall process efficiency. The capability to monitor biomass properties in 
real time over an extended period is necessary to adequately cover the range of characteristics that will 
be encountered during standard operation of a biorefinery. The new information and the ability to link 
fundamental chemical properties to process behavior will undoubtedly generate new insight into 
opportunities to reduce downtime resulting from off-spec feedstock. We are very interested in 
establishing new partnerships with technology providers to identify those as-yet-unidentified directions 
to improve overall system efficiency. Expectations are that this insight, along with improved handling 
behavior provided by the pellet format, will lead to downstream benefits that may offset the added cost 
introduced by the depot and its capacity to handle multiple biomass types. 
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IMPROVED ADVANCED BIOMASS LOGISTICS UTILIZING WOODY AND 
OTHER FEEDSTOCKS IN THE NORTHEAST AND PACIFIC NORTHWEST 
State University of New York 

PROJECT DESCRIPTION 
Willow and poplar short-rotation woody crops have 
shown promise with regard to environmental benefits 
and rural development, but wide adoption lags due to 
underdeveloped markets and supply systems. High 
costs associated with harvesting, handling, and 
transportation (40%–60% of delivered cost) have 
impeded expansion. A better understanding of these 
systems will create opportunities to improve efficiency, reduce costs, and realize environmental benefits and 
impacts. The project’s goal was to lower the delivered cost of hybrid poplar in the Northwest and willow in the 
Northeast by optimizing harvesting and logistics supply systems while maintaining or improving biomass 
quality along the supply chain. Over 3,400 Mg of biomass and 300 ha of willow and poplar were monitored 
over a range of crop and field conditions. Feedstock quality as affected by storage and preprocessing was 
shown to improve or maintain feedstock quality. Modeled harvesting costs ranged from $38–$61/Mg dry; 
when including delivery and preprocessing, feedstock costs ranged between $79–$83/Mg dry for willow and 
$106–$116/Mg dry for poplar. Costs for willow minimized when hot water extraction and high-moisture 
densification preprocessing were used. Models also suggest that social and regional factors could further 
reduce costs. Results will give guidance to feedstock growers, harvesting and logistic operations, biorefinery 
project developers, and policymakers developing short-rotation woody crops to support a growing 
bioeconomy. 

 

WBS: 1.2.3.108 

Presenter(s): Tim Volk 

Project Start Date: 04/01/2016 

Planned Project End Date: 09/30/2020 

Total DOE Funding: $3,000,000 
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Photo courtesy of the State University of New York 

COMMENTS 
• This project supplies needed information for the national bioenergy knowledge base. It is going to cost 

more to deliver chopped willow in the Northeast than other feedstocks in other regions? Yes. Does this 
mean that BETO should not be studying short-rotation woody crops? My answer is a firm “no.” In my 
judgement, there will be a day in the buildout of the nation's bioenergy industry that willow in the 
Northeast will make an important contribution. BETO, via the progress made by this project, is helping 
us get ready for that day. I request that the final report have an explanation for the results in slide 22. The 
harvest cost decreases as yield increases and then levels off at 50 Mg/ha. Why? The forage harvester, as 
most harvest machines, is a "capacity-limited" machine. It is designed to ingest x tons/hour. If I choose a 
forward speed that introduces x tons/hour, I jam the machine. An experienced operator chooses a higher 
forward speed when yield is low and slows down when yield is higher, to keep a constant x tons/hour. 
Why is this not the case with the willow harvest? I came up with the following. At low yield, the stem 
diameters were larger, and the forage chopper had more trouble handling them; therefore, the forward 
speed had to be reduced, and the harvester capacity (ton/hour) was reduced. This means the harvest cost 
($/ton) is increased. It is my understanding that BETO requires calculation of average delivered cost. It is 
meaningful to me if the cost is broken down as follows. (I do not know what guidelines are given.) 
Farmgate: growing the crop; harvest: collecting off the field and placing in storage; storage: does not 
apply in this case, since the biomass is delivered directly to a wood-fired power plant and added to their 
storage pile; delivery: it looks like you used chip vans filled with a high-dump sugar cane wagon at the 
edge of the field. Cost of in-field hauling, in this case maybe five wagons to keep the harvester moving, 
is a significant cost item. I hope you are encouraged to deal with this cost directly. 
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• Management: Management included scheduled meetings for various teams. Coordination with partners 
was improved by using unmanned aerial vehicles for improved communications (a strength). Risks and 
mitigation strategies are clearly described, and researchers recognized that losing samples during 
shipping is an unfortunate risk. The management team included Holland Agriculture and GreenWood 
Resources, but seems to lack the engineering resources required to anticipate equipment modifications. 
The final report was submitted in December 2020.  

Approach: This single-pass harvester fills a need for developing a system capable of reliably delivering 
large volumes of biomass from purpose-grown woody crops. The project addresses many logical steps 
from harvesting to the reactor throat. Equipment modifications were made throughout the project to 
improve harvesting. These modifications did not appear to be made early enough in the project to clearly 
compare the operability under a variety of conditions. The BETO cost milestone ($84/dry ton) was 
clearly stated, and, under the right conditions, delivered feedstock to the conversion reactor at a $/dry ton 
that was well below the target (strength).  

Impact: A significant number of technical transfer activities were performed and appear to have reached 
an assortment of stakeholders. The project resulted in a coppice header that is commercially available 
through New Holland dealers. The addition of a sugar cane wagon was an unplanned improvement 
brought about by information sharing.  

Progress and Outcomes: This project ended on September 30, 2020, and the final report was submitted in 
December 2020.  

Overall Impressions: This project included a wide range of topics that were an impressive mix. From 
equipment modifications to storage, feedstock characterization/classification, preprocessing and 
blending, and modeling, this project was a full package. It would have been nice to see some more 
definitive results in the summary and lessons learned section, but presentation time was limited. 

• Management: Excellent group of collaborators, including industry partnerships. The collaboration should 
help with the uptake of findings. Also, nice to see the project management so well laid out, detailing 
which group/person will be responsible for each piece of the project (the slide with the five integrated 
tasks made a complex project easy to follow). Good management of a complex project because of the 
operational scale of the activities. Lessons could be learned from this project, as thoughtful risk and 
mitigation strategies were identified.  

Approach: This work is a good progression in industrial development of short-rotation woody crops 
beyond the smaller trials that have been reported on previously. Definitely a need for evaluating these 
types of operations to aid in the next step of commercialization.  

Impact: Field day is an excellent means of promoting the work done within the community. Great 
initiative to keeping the community engaged.  

Progress and Outcomes: Covered a large part of supply chain and collected important data. I personally 
was not clear on the benefit of the water extraction or how this might be practically incorporated into a 
supply chain. 

• The team has a clear management plan to monitor many hybrid poplar and switchgrass harvests to 
evaluate and lower cost in relation to the goal. Advanced state-of-the-art efforts seemed to mainly 
monitor an existing harvesting operation without advancing harvest; however, exploring washing, hot 
water extraction, and drying for preprocessing is novel and beneficial for downstream processing. Wasn't 
clear if there were efforts to advance harvesting to reduce cost. I struggled to make a connection on the 
conclusion of the work. It wasn't all that clear to me how the data/outcomes resulted in cost reduction. It 
wasn't clear how washing, hot water extraction, and drying affected the cost of preprocessing. There was 
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a lot of great data collected on cost and biomass quality, but they don't appear to make the connection to 
the goal of cost reduction. The results were a range in cost that encompass the goal $/ton but lacked 
granularity in how the outcomes affected the cost. 

• This is another project that has come to completion. It is overall a strong project whose strengths include 
the following: (1) an excellent team, project management plan, and communications plan that was able 
to identify risks and put in place solid mitigation strategies. (2) The approach was built upon previous 
DOE work and advanced the BETO MYPP; there is strong commercialization potential, and industrial 
partners were shown the value of short-rotation woody crops as feedstock. The statement that cost targets 
can be met under certain circumstances needs clarification. (3) The project has disseminated information 
through several means—publications, communications with industry partners, and field demonstrations, 
to name a few. Some equipment that was tested in the program is already available through the New 
Holland dealer network. Hot water extraction has commercialization potential, and plans for 
commercialization are underway. (4) I believe all project goals were met, and potentially high-value 
models have been developed with data from the field trials. There have been significant information 
contributions to the library of information on biomass materials. All in all, an overall strong project 
successfully pursued with little weakness. 

PI RESPONSE TO REVIEWER COMMENTS 
• We are grateful for the time and effort that the review panel invested in understanding this project and 

providing useful feedback. Below we provide some information in response to the main questions raised 
by the reviewers. People interested in further details of this work are encouraged to look at our final 
report and associated published papers.  

There were questions from the review panel about the costs for producing wood chips from short-
rotation woody crops and how this varied under different conditions. A strength of this project was that 
we were able to collect data on harvesting operations under a range of crop, ground, and climate 
conditions and respond to modeler data requests in order to address model assumptions and sensitivities. 
Overall, this provided valuable and targeted information on how variables such as harvester throughput 
and fuel consumption varied under different crop, ground, and weather conditions. These data were 
essential and provided new input for models to reflect costs and harvesting system performance for 
large-scale biorefineries.  

The harvesting cost modeling work was led by the team at Oak Ridge National Laboratory, and there are 
summaries of the key results from this work in the final report, and a paper will soon be submitted for 
review with more details and an explanation on why harvesting costs vary with changes in the standing 
crop biomass. Data on biomass quality and characteristics under different field conditions and times of 
the year have been built into this modeling work. Additionally, the IBSAL model allowed scenarios that 
were not practical to test operationally to be evaluated (e.g., multiple harvesters, large numbers of 
collection vehicles, varying climate). While there are a wide range of different variables that impact the 
harvesting cost for short-rotation woody crops, an important one is harvester throughput. Results from 
this project show that harvester throughput increases as the standing biomass in the crop increases, and 
then begins to level off when standing biomass reaches 40–50 Mg wet/ha in the field, and then levels off. 
Results on this detail of the harvester throughput are in the final report and in two published papers for 
willow and another one for poplar. Results from this project clearly show that there is considerable 
variation in throughput and fuel consumption, and in particular with changes in ground conditions (wet 
and dry) and time of season when material is harvested (leaf off or leaf on). The information collected 
during this project has allowed more accurate modeling of woody feedstock supply for large-scale 
biorefineries and the trade-offs in cost associated with harvesting at different times of the year. Data on 
variations in ground conditions have been important in these models to project how many harvesting 
days are available under certain climate patterns, which impacts the number of harvesters and associated 
collection vehicles needed to meet biorefinery demands. All these factors are combined in the IBSAL 
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model to provide costs for harvesting short-rotation woody crops (see Task 5 summaries in our final 
report).  

One reviewer asked for clarification on how circumstances affect cost targets. One novel feature of this 
project was our reliance on the strengths of multiple models in order to address different project 
objectives. IBSAL (Oak Ridge National Laboratory) was used for harvesting logistics, the Biomass 
Logistics Model (INL) was used to evaluate processing costs, and the West Virginia University model 
was used to evaluate geographic and social questions associated with biorefineries. All these models 
evaluated cost targets in different ways, sharing inputs and outputs. For instance, tractor trailer loads of 
willow and poplar from both leaf-on and leaf-off harvests were shipped to INL, where a combination of 
drying and size reduction preprocessing work was conducted in the Biomass Feedstock National User 
Facility. Several tons of hot-water-extracted willow were also sent there for preprocessing. Hot water 
extraction is a technique that has been of increasing interest for improving the quality of woody biomass. 
Hot water extraction removes approximately 60% of the ash in biomass, resulting in water-resistant 
material that can be used in wood pellets and reduces energy consumption in pellet manufacture. It also 
generates a range of coproducts, including fermentable sugars (e.g., for biofuels), lignin (e.g., as a 
chemical feedstock), acetic acid, formic acid, methanol (as commodity chemicals), and furfural (as a 
specialty chemical). Data on energy consumption and flow rates for leaf-off and leaf-on willow and 
poplar and how water extraction material processed at the Biomass Feedstock National User Facility 
were tracked as part of Task 3 and used as key inputs in the Biomass Logistics Model developed at INL. 
This model is used to model feedstock supply system cost and energy consumption for a variety of 
biomass resources. Results showed that high moisture densification had the lowest processing costs 
compared to the baseline scenario. Using a combination of high moisture densification and hot water 
extraction, the potential blend proportions of shrub willow increased from 20.5% to 61.8% and 
decreased the cost from $82.72/dry ton to $78.56/dry ton for a biochemical conversion pathway scenario.  

One reviewer raised valid concerns about how harvester modifications were executed and tested; it was a 
philosophical dilemma. In order to maintain operational relevance and realism, we gave the operators 
and harvest managers free reign to troubleshoot and adapt the system, taking advantage of their 
expertise. Many of the modifications to harvesting equipment were made in response to conditions that 
were encountered during harvesting operations in both willow and poplar and were designed and made 
with project team members and partners. This group included operators and equipment experts from the 
State University of New York College of Environmental Science and Forestry, Greenwood Resources, 
and New Holland Agriculture, who collectively have the greatest amount of experience with the New 
Holland single-pass cut and chip harvester system in woody crops in North America. As a result, 
equipment, repairs, modifications, and improvements did occur in an operational context. However, we 
did not try to control them in this project because the overarching objective of this project was to collect 
operational data to inform the modeling efforts. In circumstances where these objectives conflicted, 
capturing operational data to feed the models was paramount. Assessments of some factors, including 
modifications and repairs to equipment and changes in harvester operators, were conducted and are 
included in the final report. Because these were not designed studies and ground and crop conditions 
varied over time, the results were often quite variable. Other results from this project have proven to be 
more valuable and useful and were selected for the presentation at the peer review. Details of the 
assessment of some of the changes and modifications are available in our final report.  
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TORREFACTION OF SORTED MUNICIPAL SOLID WASTE PELLETS FOR 
UNIFORM BIOPOWER FEEDSTOCK 
Idaho National Laboratory 

PROJECT DESCRIPTION 
In a collaborative project between Idaho National 
Laboratory, Michigan Technological University, and 
Convergen Energy, mixed plastic and fiber wastes are 
being used as a feedstock to produce a uniform and 
upgraded fuel product through torrefaction. In this 
project, a combined and intensified torrefaction and 
densification process is used to upgrade the fuel value 
of the wastes, remove chlorine from the plastic waste, and mobilize the plastic through a softening phase 
transition to act as a binder and weather barrier. During this work, the team has documented reactive 
interaction of the material components during the processing that lowers processing intensity, increases 
throughput, and lowers the cost overall. Through pilot-scale testing, the team has demonstrated effective 
operation and used the data to estimate TEA costs associated with the process. Applying the lessons learned 
and preprocessing systems in a forward-looking sense can provide a pathway to production of a customized 
and tailored fuel or feedstock pellet where biogenic carbon from wastes is sequestered in a durable good.  

 

WBS: 5.1.2.101 

Presenter(s): Jordan Klinger 

Project Start Date: 10/01/2020 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $495,615 
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Photo courtesy of Idaho National Laboratory 

COMMENTS 
• This project is well organized and was well presented. I can see a targeted market as follows. A mid-size 

city puts in a torrefaction plant to reduce the MSW to their landfill; they then supply fuel to local 
industries that are producing and using process steam. The emphasis is on a "local" market, perhaps even 
an over-the-fence partner. The question then becomes, what size torrefaction plant is economical—10 
ton/d? 100 ton/d? 250 ton/d? Perhaps this question can be answered in future work, with dollar-per-ton 
cost as a function of plant capacity. 

• It is worth having some more investment to conduct more tests and provide robust data for TEA. Some 
details should be provided for approaches, such as numerical thresholds for go/no-go evaluations. Future 
plans should be addressed for the project. 

• Management: The management team consists of researchers and includes a commercial partner. The 
communication plan is enriched through the inclusion of collaborations across various INL research 
teams working in other WBS areas.  

Approach: The approach is clearly defined and responds directly to a competitive laboratory call for 
early-stage research and development. The industrial partner ensures that the waste stream to be tested is 
realistic. This project is closely tied to TEA and LCA work of other teams. Challenges are identified and 
a go/no-go decision point was identified.  

Impact: The approach demonstrates a clear connection to the potential for significant impact and 
outcomes related to the project goal. The industry partner engagement lends a reality check component 
to the study.  

Progress and Outcomes: The two-year project has made appropriate progress toward the project goals. 
The preprocessing cost breakdown was informative, and each step of the research was integrated into the 
next. Accomplishments have been made to date, and outcomes include peer-reviewed journal 
publications.  
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Overall Impressions: It appears that this project will inform BETO on successful generation of a uniform 
feedstock and fuel from wastes. Costs have been explored and will be incorporated into a TEA partner 
project. 

• Management: Good collaboration and partnerships.  

Approach: "Non-recyclable wastes” is a very broad term, and perhaps it could be defined to explain 
which material the project is focused on. The variability of MSW makes it difficult to develop predictive 
models. Just wondering how useful the models will be. The material pictured seems quite consistent and 
not like materials that I have observed at facilities processing MSW to power (i.e., Covanta). In the 
justification for the project, it is suggested that the only alternative is incineration. I believe there are 
many waste-to-energy plants that are meeting power demands with little to no sorting or preprocessing. I 
didn’t see any provision for rejected material. Is there a probability that some of the material cannot be 
processed through the equipment (i.e., metal contaminants, dirt, combustibles)? Would appreciate seeing 
the quality-by-design standards that are targeted and achievable. May need input from boiler 
manufacturers for this information.  

Impact: There could be cost savings and process efficiency savings downstream in the process, which 
could make the findings very significant. The idea of a more homogeneous fuel pellet is very interesting 
and significant. All depends on costs and consistency of the product, as well as harmful emissions that 
may result. This type of characterization should be examined before the project proceeds too far. It may 
be beneficial to involve some boiler manufacturers to understand other characteristics of importance. 
This will also assist with next-stage buy-in from the boiler manufacturers.  

Progress and Outcomes: Good results thus far with respect to making the pellet and demonstrating that 
its characteristics are more homogeneous than the initial material. Positive results for achieving the goal, 
removing chlorine, and increasing energy density. 

• The management communication strategy is good; there are collaborative partners and a plan for 
dissemination. I did not find there was much in the way of an implementation strategy, risk 
identification, or risk mitigation strategy. I do know these are in the approach, but the management plan 
should have what you are intending to do with an implementation strategy. There is a strong approach, 
with challenges and mitigation plans mentioned. I believe a project strength is using existing techniques 
to advance the production of a largely contaminant-free, energy-dense, and uniform feedstock. There is a 
clear, measurable go/no-go decision point. Performing TEA and LCA simultaneously with project work 
is a strength, as this work can inform the project team with near-real-time changes and/or decisions. I 
have always found waiting until the end to perform this work an inefficient approach. The project can 
have an important impact by producing a feedstock that would have wider acceptance and use from non-
recyclable materials, which would have the positive effect of reducing the need for landfill space. The 
project has made significant progress. It is unclear whether a timeline has been met. I assume so, but 
there wasn't much in the way of a timeline presented. Challenges have been met and interesting 
possibilities for capital cost reductions identified. This is a good project that has made progress toward 
producing an energy-dense, cost-effective feedstock from a non-recyclable resource that can have 
positive effect on biopower production in furtherance of BETO's FT goals and MYPP. This feedstock 
would also have the added effect of reducing the environmental negative footprint and cost of building 
MSW mass-burn facilities. 

• This is a bright spot in the tough arena of MSW. This project is well managed and designed to produce 
meaningful data. The project has been executed well with impressive results. Keep up the great work. 
Thank you. 
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PI RESPONSE TO REVIEWER COMMENTS 
• The team and PI would like to thank the reviewers for their time and thoughtful consideration. The 

feedback is essential and very valuable to ensure meaningful outcomes and relevant goals. The project 
team apologizes for the transposition of information between sections in the short presentation. Indeed, 
this project represents a near-term solution that can be deployed immediately at the municipality scale 
and could displace waste generation and provide local power through discarded natural resources. 
Certainly mass-burn facilities are the highest generator of energy from waste in the United States. To 
clarify, the goal of this project is to transform the material such that it is compatible with the much larger 
dispatchable power sector as a whole—largely coal plants in the United States (and natural gas, of 
course, but that is beyond the scope of this project).  

We agree that boiler testing and standards are essential to evaluate with any finished product. We are 
currently relying on our industrial partner, who operates a power boiler, to assist with interpretation and 
clarification of quality standards. The reviewer correctly points out that the materials studied here are not 
what might be seen in a mass-burn facility. For this study, rather, the team was focused on rejected 
material from a material recovery facility, as well as industrial residues collected from our project 
partner. Although the approach was fundamental, the work benefited from the characterization and 
model development using real feedstocks. Although we cannot realistically claim we cover the range in 
variability for all wastes, we made a concerted effort to vary the distribution of waste components over a 
wide range of plastic, fiber, and other waste ratios (all of which were well represented by the model 
approach). The key to the broad-ranging approach is the use of a lumped parameter and pseudo-
intermediates. These are widely used in petroleum refining and other industries to predict generalized 
chemistries and outcomes without detailed knowledge of a chemical mechanism. This flexibility is 
needed for realistic wastes. As the preliminary TEA presented, the total estimated cost based on pilot-
scale data collected in the project is around $50/ton output from the factory gate. The project team agrees 
that TEA “along the way” is absolutely essential, even if it is preliminary as a “smell test” to make sure 
the results are applicable and feasible.  

For project timing, the work is scheduled to complete at the end of this fiscal year (end of September 
2021). Along the way, the team has passed quarterly milestone objectives as well as a go/no-go decision 
point at the halfway mark (end of year 1). In addition, the final project goal is to perform continuous 
production of the torrefied product in the integrated system at Michigan Technological University, and 
this provides another opportunity for the team to refine the TEA data inputs as the reviewer suggests. 
The scalability issues raised are interesting and would be needed to evaluate location-specific site 
planning, along with perhaps a study of local waste characterization. This could be interesting future 
work. In addition, the team is exploring opportunities to continue the work into the future by addressing 
newly identified hurdles of: (1) real-time sensing and controls for combined MSW feed/high-temperature 
systems, (2) carbon sequestration in durable goods from MSW, and (3) identification and fractionation 
strategies for high-value products in MSW streams. 
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INTRODUCTION 
The Organic Waste Conversion Technology Area is one of 12 technology areas that were reviewed during the 
2021 Bioenergy Technologies Office (BETO) Project Peer Review, which took place virtually March 8–12, 
15–16, and 22–26, 2021. A total of 16 presentations were reviewed in the Organic Waste Conversion session 
by five external experts from industry, academia, and nonprofit areas. For information about the structure, 
strategy, and implementation of the technology area and its relation to BETO’s overall mission, please refer 
the corresponding program and technology area overview presentation slide decks, which can be accessed 
here: https://www.energy.gov/eere/bioenergy/2021-project-peer-review-organic-waste. 

This review addressed a total U.S. Department of Energy (DOE) investment value of $27,857,121, which 
represents approximately 4% of the BETO portfolio reviewed during the 2021 Peer Review. During the Project 
Peer Review meeting, the presenter for each project was given 35 minutes to deliver a presentation and 
respond to questions from the Review Panel.  

Projects were evaluated and scored for their project management, approach, impact, and progress and 
outcomes. This section of the report contains the Review Panel Summary Report, the Technology Area 
Programmatic Response, and the full results of the Project Review, including scoring information for each 
project, comments from each reviewer, and the response provided by the project team.  

BETO designated Beau Hoffman as the Organic Waste Conversion Technology Area Review Lead, with 
contractor support from Mark Philbrick (AST). In this capacity, Beau Hoffman was responsible for all aspects 
of review planning and implementation. 

ORGANIC WASTE CONVERSION OVERVIEW 
The term “waste to energy” (WTE) typically refers to any number of mature technologies, especially 
incineration or anaerobic digestion (AD), that are utilized as a means to reduce waste volumes. In the context 
of this section, BETO defines “organic waste” as municipal wastewater residues; manures; food waste; fats, 
oils, and greases; and biogas derived from the breakdown of these waste streams. Other technology area 
sections explored other waste streams such as other fractions of municipal solid waste (Feedstock 
Technologies session) and plastics (Plastics Conversion session). 

Organic waste represents an existing and growing economic, environmental, and social liability across the 
United States. Landfill disposal fees continue to increase year over year, and many municipalities and 
communities have to bear high costs to dewater, stabilize/sterilize, and transport these waste streams. In some 
cases, due to landfill organic diversion regulations, organic waste is transported across state lines. These waste 
feedstocks are also a growing environmental concern. When these waste streams break down in landfills or in 
other systems, they often evolve into biogas (a mixture of methane and carbon dioxide [CO2]), which is 
significantly more potent than carbon dioxide alone as a greenhouse gas. According to the U.S. Environmental 
Protection Agency, landfills, manure management, and wastewater treatment plants account for more than 230 
million metric tons of carbon dioxide equivalent per year. 

These organic waste streams are also a social sustainability liability. Although organic waste is generated by 
all members of society, in many communities, solid waste handling infrastructure is located in disadvantaged 
communities. Thus, these disadvantaged communities must bear a disproportionate amount of the burden 
associated with these facilities. These include odors from facilities, noise, pollution and particulate emissions 
due to transportation of these wastes, accumulation of litter, and prevalence of infectious disease vectors 
(especially rodents and mosquitos), among others. In this regard, it is critical that next-generation resource and 
energy recovery facilities from waste are designed with these indicators in mind. Moreover, the piloting and 

https://www.energy.gov/eere/bioenergy/2021-project-peer-review-organic-waste
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deployment of these technologies must be mindful of emerging indicators and impacts, including social 
acceptance and license to operate. 

The presentations in the Organic Waste Conversion Technology Area were organized into five thematic areas: 
Analysis, Liquid Fuels from Waste, Chemicals/Products from Waste, Improvements to Anaerobic Digestion, 
and Renewable Natural Gas. 

Analysis projects comprise DOE national laboratory projects that are seeking to quantify the abundance and 
current practices associated with these organic waste streams. This includes quantifying current beneficial uses 
(e.g., composting) and the costs associated with handling these waste streams. Techno-economic analysis 
(TEA) is also included in this thematic area to evaluate the costs/benefits of particular resource and energy 
recovery approaches. 

Liquid Fuels from Waste projects explore experimental research and development (R&D) to convert organic 
waste streams into hydrocarbon fuels. This thematic area includes projects from both national laboratories and 
academic institutions using technologies such as hydrothermal liquefaction and arrested anaerobic digestion. 

Chemicals/Products from Waste projects explore experimental R&D to convert organic waste streams into 
high-value bioproducts and biochemicals. BETO recognizes that the market values of these bioproducts and 
biochemicals are often significantly higher than commodity fuels, and processes that are able to obtain higher 
revenues per unit produced may have more near-term market penetration. This thematic area includes projects 
from national laboratories, industry partners, and academic institutions. 

Improvements to Anaerobic Digestion projects explore experimental R&D to improve yields and/or reduce 
capital intensity of anerobic digestion. Anaerobic digestion is commonly employed as a strategy for converting 
waste into biogas, but is often not economically viable at small scales (especially less than 5 dry tons of 
organic matter/day). National laboratory and academic institutions are exploring processes that can reduce 
these capital and operating costs through technologies such as thermal pretreatment and novel anaerobic 
digester design. 

Finally, the Renewable Natural Gas projects explore experimental R&D to economically convert biogas into 
renewable natural gas that is compatible with the existing natural gas infrastructure. While there are incumbent 
technologies for accomplishing this cleanup step, they are operationally intensive. National laboratory and 
academic institutions are also exploring processes that can increase the availability of renewable natural 
through power-to-gas technologies. 

 

ORGANIC WASTE CONVERSION REVIEW PANEL 
Name Affiliation 
Jeanette Brown* Manhattan College  
Phillip Marrone Leidos 

Aaron Fisher Ernest Maier 

Alice Havill Colorado Impact Fund 

Paige Novak University of Minnesota 

* Lead Reviewer 
 



2021 PROJECT PEER REVIEW 

 

945 ORGANIC WASTES 

ORGANIC WASTE CONVERSION REVIEW PANEL SUMMARY REPORT  
Prepared by the Organic Waste Conversion Review Panel 

INTRODUCTION 
This report summarizes the comments and observations from the members of the 2021 Project Peer Review 
Panel. The Organic Waste Conversion panel reviewed a total of 16 projects during the 2021 Project Peer 
Review meetings on March 9 and 10, 2021—an increase of one from the previously named Waste-to-Energy 
Panel during the 2019 Peer Review. The technologies included in the 2021 Peer Review were hydrothermal 
liquefaction, arrested methanogenesis, processes to improve biogas production and/or increase biogas 
quantities through CO2 conversion, and microbial electromethanogenesis.  

BETO began to evaluate projects associated with converting waste products to energy in 2017. The 2019 Peer 
Review Panel recommended that BETO expand the definition of waste. The material now defined as waste 
includes municipal sludge residuals, animal manure (mostly swine and dairy), organic fraction of municipal 
solid waste (food waste and yard debris), and inedible fats/oils/greases. BETO estimates that 27.52 million dry 
tons of these wastes are producing 3.979 billion gallons of gasoline equivalent (GGE). They further estimate 
an additional 49.65 million dry tons remaining, which can produce 5.312 billion GGE.1 The conversion of 
these wastes to energy increases the renewable energy portfolio and potentially reduces cost and solves several 
environmental problems, including greenhouse gas emissions from landfills and transporting these wastes over 
long distances.  

Additionally, because of problems associated with per- and polyfluoroalkyl substances (PFAS), many water 
resource recovery facilities (WRRFs) are facing a crisis concerning disposal of digestate produced from the 
AD process. Typically, this material would be land-applied as a fertilizer, but many states are banning or 
considering banning that practice. Biogas production from AD is a significant renewable energy source for 
these facilities, and therefore it is important to develop processes that can convert digestate to energy while 
destroying PFAS. This problem is not currently directly addressed in the BETO program, but some of the 
technologies being investigated may have the potential to transform or destroy PFAS. BETO estimates that 
14.8 million dry tons of untreated municipal sludge are produced each year in the United States, representing a 
potential of 2 billion GGE.  

The biggest challenge is the ability to use these mixed wastes and the logistics of transporting these materials 
to a blending facility. Some of the challenges include the mechanics of blending, removal of contaminants, 
ability to produce a feedstock with consistent characteristics, and disposal of any waste solids or liquids 
produced during energy recovery. Many of the liquid side streams have high concentrations of ammonia-
nitrogen or contaminants of emerging concern (again, including PFAS), which will necessitate treatment and 
can impact eventual adoption. 

STRATEGY 
The Review Panel feels that the technology area has a well-defined mission and set of goals and technical 
targets. This program appears to recognize and support technologies that make the most sense and potentially 
generate liquid fuels/products from wet-waste feeds. The strategy to focus on wet-waste biomass to liquid fuels 
or products at a chosen target price (e.g., $3/GGE by 2022) in conjunction with greenhouse gas emissions 
reduction (e.g., 60%) is simple and direct and hits the key issues (waste conversion and greenhouse gases) with 
clear and direct targets. BETO has undertaken a rigorous process of technology review and is diligent in its 
selections to ensure the highest level of innovation has the chance to be achieved within the time and resource 
constraints of the project. All of the projects have value in advancing BETO’s goals, and many contain highly 

 

1 https://www.energy.gov/sites/default/files/2017/09/f36/biofuels_and_bioproducts_from_wet_and_gaseous_waste_streams_full_report.pdf  

https://www.energy.gov/sites/default/files/2017/09/f36/biofuels_and_bioproducts_from_wet_and_gaseous_waste_streams_full_report.pdf
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innovative or unique aspects. Most appear to be making reasonable progress toward their objectives and have 
appropriate management.  

Most projects appear to have recognized the importance of including industry partners and other relevant 
stakeholders within their project team, and many have identified and included critical ones to cover all major 
areas in their project (e.g., waste feed handlers, manufacturers of key equipment, companies trying to 
commercialize the core technology). Because there appears to be a heavy weighting toward national lab and 
university-led projects, such partners can provide important guidance to help ensure that research efforts focus 
on relevant issues and in ways that will increase the probability of industry acceptance and economic viability. 
The program could be improved by gaining stronger engagement, and even leadership, from commercial and 
industry partners. These partners will likely bring more rapid assessment of commercial validation for the 
technology advancements and help guide the research groups early on toward outcomes that complement 
market opportunities. 

There do not appear to be any major gaps in the technologies pursued by BETO with respect to their funding; 
nevertheless, one possible gap may be the use of supercritical water gasification as a means of hydrogen 
generation, which should be explored. Like hydrothermal liquefaction (HTL), supercritical water gasification 
is ideal for aqueous organic wastes. Unlike “dry” gasification, the presence of water favors hydrogen 
production due to the water-gas shift reaction. Several projects in the current program rely on hydrogen 
produced by electrolysis of water, which in turn limits the source of energy needed (which is considerable) to 
renewable sources. This may be hard to ensure. Supercritical water gasification may be a relatively less 
expensive and less restrictive way to generate hydrogen in situ and may be worth exploring.  

The appropriate funding mechanisms are being used. Consideration should be given to structuring funding 
opportunity announcements/grants so as to encourage involvement of private entities. Funding the laboratories 
using the annual operating plan has allowed for a broad range of research topics. BETO might want to consider 
a two-pronged approach of casting a broad net for new innovations while simultaneously using the results of 
the current set of projects to narrow future funding opportunities to further advance those technologies that 
have demonstrated the most potential in meeting its goals. BETO should consider a dedicated funding 
opportunity announcement focusing on the management and characterization of the waste streams that come 
from the new technologies/systems that are a focus of further development. Indeed, the Review Panel 
identified potential problems associated with both liquid and solids side streams from these processes that do 
not appear to be addressed at present. In addition, since the focus is on reaching specific cost targets consistent 
with commercial development, BETO should consider that universities might be better suited to make 
contributions to new innovations since they are primarily geared toward fundamental research and may not 
have the capacity to achieve commercial viability unless they have strong commercial partners.  

STRATEGY IMPLEMENTATION AND PROGRESS 
In general, the technologies currently being investigated are aligned with the program strategy. The projects 
that focus on liquid fuel/product generation or greenhouse gas reduction such as HTL, arrested AD, or biogas 
upgrading all directly support BETO’s goals. Projects that focus on improving AD and biogas generation do 
not appear to be as relevant to the main strategy of this session and the Conversion Technologies Program, but 
the importance of these projects is nevertheless understandable since AD is so widespread and improved 
efficiency is beneficial. There were also funded projects that focused on feedstock availability, quantification, 
and geographical distribution that the Review Panel also deemed important. Analysis of feedstock potential 
and understanding the variability and availability of feedstocks are critical aspects in supporting technology 
goals and the economic and commercial viability of the investigated technologies. These projects also provide 
critical input criteria for future innovations. 

Most projects appear to have one or more innovative or unique approaches that make them worth studying and 
qualify them as leading-edge. There is some degree of duplication of efforts, particularly with the arrested AD 
and biogas improvement projects, but this is important as none of the technologies are full-scale yet. Projects 
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for upgrading methane using either biomethanation or microbial electromethanogenesis are very innovative 
and relevant to the program goals, can be coupled with existing AD facilities, and have produced very good 
results. HTL remains among the most promising opportunities for wet organic feedstocks. There are still no 
full-scale systems operating, however, and without implementation in real-world situations, it is impossible to 
determine if the technology will perform as intended. For all technologies, it is important to work on aspects 
related to scale-up through documented collaborations with industry. Identifying a pathway to handing over 
some of these technologies once they are past R&D, but still funding scale-up work with industrial, 
community, or government partners as appropriate to de-risk innovation, may be an option worth exploring 
(public-private partnerships, partnerships with utilities, etc.). This may require tighter links between the R&D 
efforts and users and companies specializing in commercialization, even in early stages of the research.  

In some cases, it appeared that the research was not performed with final to-scale operation in mind. Examples 
of attributes that were not well understood include capital cost or operating cost limitations to different 
geographies or different plant sizes, market drivers and limitations that steer commercial players toward or 
away from applying new technologies, difficulties or constraints in managing side streams and waste streams 
from the processes, and the need for a consistent mix of feedstocks. Although these considerations are not 
appropriate focal areas for every project, it is important for BETO to consider addressing these attributes 
within the funding portfolio as a whole. Most projects appear to be making steady progress consistent with 
their project timeline.  

Some project teams predict meeting or beating the $3/GGE minimum fuel selling price (MFSP) target for 
liquid fuels, which is better than expected at this point. Not all of the component conditions that go into 
calculating MFSP values have been fully demonstrated or validated, however (e.g., requiring operation at a 
scale that is orders of magnitude greater than current capability), which diminishes the validity of these claims 
in some cases.  

BETO project management appears to be providing sufficient oversight to enable good progress. Many 
projects cited helpful interactions with BETO staff, and no projects appeared to be in jeopardy or struggling in 
a way that might otherwise suggest inadequate supervision. It is evident that BETO undertakes a rigorous 
process of technology review and is diligent in their selection of projects to ensure the highest level of 
innovation and success within the time and resource constraints of each project. 

RECOMMENDATIONS 
This portion of the report is divided into two topics: (1) top recommendations on how the portfolio could be 
strengthened and (2) recommendations on improving the peer-review process.  

Strengthening the Portfolio  
As mentioned earlier, the Review Panel recommends a stronger role for commercial and industrial partners. 
These partners can bring more rapid assessment of commercial viability of technology advancements and help 
guide the research groups early on toward more favorable outcomes that complement market opportunities. 
The research teams are performing innovative and high-quality research; nevertheless, it was evident that in 
some cases the research did not consider how this innovation could be commercialized and issues associated 
with operations and side-stream management and disposal. Further investigation into the intersection of 
innovation and commercialization by BETO may help more efficiently transfer technology platforms 
developed within these projects to industrial application, with stronger stakeholder partnerships helping to 
move these projects from lab scale to full scale to mainstream. Likewise, with projects that combine multiple 
unit operations, additional emphasis should be placed on ensuring demonstration, even at a pre-pilot or pilot 
scale, of the integrated process. Integrated operation and the ability to scale up successfully are critical and 
should receive more emphasis. Furthermore, the Review Panel recommends that DOE add criteria to ensure 
PFAS destruction/removal is considered in future funded projects. 
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BETO should be careful not to let achieving overarching target metrics such as the MFSP override the more 
important focus of demonstrating solid technical development and progress. Too much attention on meeting a 
specific number encourages projects to play with hypothetical scenarios for their technology just to say they 
can meet the target when they are not at a technology readiness level where these claims can be verified. 
Targets that focus on energy return on investment or levelized cost of energy are a bit esoteric and 
nonintuitive.  

One critical area that should receive greater attention is the dissemination of the research advances with a focus 
on adoption. There should be a concerted effort (maybe through connections with state governments, target 
counties, large wastewater treatment plants, large municipalities, municipalities targeted as “hubs,” 
municipalities identified as “early adopters” of new technology, etc.) to educate decision makers on the entire 
picture (TEA, logistics, technology, etc.) so that large-scale goals of the United States, DOE, and BETO can be 
realized more effectively without individual projects having to develop their own (disconnected) partnerships. 
Working with industry and target municipalities to move larger DOE and BETO ideas (regional waste-
blending hubs) and technologies forward and de-risk them further is critical and would be more efficient and 
successful if coordinated centrally. 

Review Process 
The panel strongly recommends a change in the review process. During the presentations, a considerable 
amount of time is spent on the organization and management structure of the projects, minimizing the time 
available for discussion of the technical aspects of the projects. The panel recommends that BETO continues to 
provide, in advance, the entire slide deck, but that the actual presentation be limited to the technical details, 
focusing on goals, process flow diagrams and material balances, research approach, results, and outcomes.  

The panel understands and respects the proprietary aspects of these projects; nevertheless, BETO should 
ensure that a sufficient level of detail and data is provided to the reviewers to understand the process and 
accurately assess progress. More time needs to be allocated to reviewer questions and better enforcement of the 
time limit given to the technology presentations. Finally, it is important for reviewers to be able to record their 
observations when impressions are fresh; therefore, time needs to be provided for this after each presentation. 

 

 

ORGANIC WASTE CONVERSION PROGRAMMATIC RESPONSE 
INTRODUCTION 
The Conversion R&D Program Area would like to first thank the five Organic Waste Conversion reviewers for 
their time and careful review of the portfolio and the projects therein.  

The Review Panel notes several concerns and issues with the review process. BETO notes some of the 
comments and suggestions for improving the effectiveness of the event and quality of the feedback in the 
future.  

The Review Panel notes several other technical themes. Reviewers noted that PFAS are an emerging 
contaminant of concern and are particularly prevalent in several of the organic waste streams that are focal 
areas of the Organic Waste Conversion section. The science associated with the origin, fates, and analytics to 
detect these compounds is evolving rapidly. Compounding this complexity is the emergence of new 
conversion technologies such as hydrothermal liquefaction. Thus, BETO is exploring the extent to which these 
fluorinated species are degraded and what these species degrade into. Another theme and potential need is to 
explore the consequences of the side streams that are produced from these processes. This is an important 
suggestion and one that BETO will consider as the portfolio continues to evolve. 
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The following section specifically addresses the top recommendations from the Review Panel: 

Recommendation 1: Scale-Up and Integration Research Challenges  
BETO would like to thank the reviewers for this recommendation. Recent R&D priorities have been focused 
on early-stage research and development at lower technology readiness levels. In crafting a portfolio, the 
BETO team has sought to create a pipeline for next-generation waste-to-energy processes. While several 
technologies have encountered challenges, other processes have overcome key technical barriers that indicate 
they are ready for scale-up. There are some technical barriers that can only be addressed at certain scales and 
levels of integration. 

As noted above, one specific technical challenge that is critical is the generation of side streams and byproduct 
streams. For organic waste conversion, a key driver is waste volume reduction. If processes are producing 
waste streams that are more toxic or challenging to manage than incumbent processes, the technology has little 
chance of success. To this end, BETO will direct higher-technology-readiness-level projects to consider the 
side streams that are being generated and the strategies for mitigating them. 

The Conversion R&D Program is also engaging in a broader effort to “graduate” technologies into the Systems 
Development and Integration Program to address some of the research-at-scale challenges. Already, several 
technologies developed under the Organic Waste portfolio have started to make the transition to pilot scale, 
such as T2C-Energy (landfill gas upgrading), HYPOWERS (hydrothermal liquefaction), and efforts in 
biomethanation.  

Recommendation 2: Increased Emphasis on Industrial/Community Involvement in Projects 
The Review Panel noted that commercial or industrial advisory boards could enhance the impact of the 
research being conducted. BETO fully concurs with this recommendation, particularly for projects led by the 
national laboratories or institutes of higher education. From several of the recent funding opportunity 
announcements, BETO staff has observed that the quality of the projects and relevance of the work is 
significantly enhanced on projects that include commercial partners, utilities, communities, and others. BETO 
will consider ways to emphasize this in future funding opportunity announcements as merit review criteria. 

BETO also appreciates the comments that “there should be a concerted effort (maybe through connections with 
state governments, target counties, large wastewater treatment plants, large municipalities, municipalities 
targeted as ‘hubs,’ municipalities identified as ‘early adopters’ of new technology, etc.) to educate decision 
makers on the entire picture…” Indeed, this is a key objective of the recently launched Waste-to-Energy 
Technical Assistance for Local Governments program. At the time of preparing this response, BETO has 
already initiated five of these community partnerships, and it is proving to be a very successful method of 
disseminating analyses to local decision makers while simultaneously gaining insight into the local priorities 
and challenges of these communities. BETO has requested additional funds in fiscal year (FY) 2022 for this 
activity given the successes and benefits observed thus far. 

Recommendation 3: Consider Relevance of Metrics 
BETO concurs that being overly prescriptive in defining metrics can cause projects to get distracted from the 
main objective of the applied research, which is to advance the technology readiness levels. This is an 
important suggestion and could represent an opportunity to improve future funding opportunity 
announcements and address some of the other recommendations such as preparing a technology for piloting. In 
particular, levelized cost of energy and energy return on investment metrics will be used judiciously. For 
applied R&D topics, BETO will emphasize metrics that display technology and systems readiness such as 
continuous time on stream, catalyst lifetime, and degree of process integration, among others.
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WASTE TO ENERGY: FEEDSTOCK EVALUATION AND BIOFUELS 
PRODUCTION POTENTIAL 
National Renewable Energy Laboratory 
PROJECT DESCRIPTION 
The goal of this project is to provide foundational 
data, strategic analyses, and outreach related to waste 
resources to support further development of the WTE 
industry. It builds on previous project outcomes, such 
as estimates of quantity, geographic distribution, and 
prices of wet-waste resources (food waste, sludge, 
manure, waste fats, and oils). The project provides 
better understanding of the waste resources potential 
and economic viability to enable development of new 
technologies and support strategic decisions. Challenges associated with this project are related to data 
availability (e.g., gaps in municipal solid waste [MSW] composition data) and data quality (e.g., inconsistent 
MSW composition definitions). All FY 2019 and FY 2020 milestones in the project management plan have 
been completed. Major accomplishments include: (1) cost-benefit analysis for 21 food waste disposal and 
utilization pathways, (2) detailed assessment of select MSW streams (plastics, paper/cardboard, and wood) at a 
fine geographic level, and (3) WTE technical assistance for local governments is underway. Next steps include 
working with municipalities to address their challenges and priorities related to waste management. 

 

WBS: 2.1.0.112 

Presenter(s): Adam Bratis; Anelia 
Milbrandt; Zia Abdullah; 
Courtney Payne; Jessica 
Krupa 

Project Start Date: 05/01/2015 

Planned Project End Date: 03/31/2021 

Total DOE Funding: $975,000 
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Photo courtesy of the National Renewable Energy Laboratory 

COMMENTS 
• I have no management concerns; the coordination with other entities appears to be very good. Working 

with large waste management companies for the project is critical and also seems very strong. Providing 
best practice guidance for others and for BETO overall with respect to working with industries like this 
might be helpful. Regarding approach, the first two activities (cost-benefit analysis and the collection of 
data regarding landfilled plastic, paper, cardboard, and wood waste) have moved forward well. I have no 
concerns. With respect to the WTE technical assistance activity, I was very happy to hear about the 
proactive approach that the principal investigators (PIs) are taking to reach the intended 
municipal/local/regional audiences. A clear strategy to reach entities that could really benefit from this 
technical assistance will be very important. I recommend trying to reach “early-adopter” municipalities 
that tend to be on the cutting edge that can further help pull others along. The work is exciting and 
poised to have a large impact, particularly within BETO. The progress and outcomes are also clear. The 
results seem like the type of information that will be of great interest to states and large municipalities. 
Overall, this is an excellent project that supports many other projects and BETO’s overall goals. 

• Q: Would be interested to hear more about your interaction with your industry partners. Interested to see 
if folks are accessing the underlying data/how they are using it. A: Have done a cross-comparison with 
industrial partners of their own internal partners. Have actively engaged with many industrial partners, 
who are looking to pull this information from the researchers and push it out to their members. Slide 24, 
what is small vs. large? This is a well-thought-out and necessary project. Granular-level feedstock data 
for many different types of organic waste. Has been making a reasonable number of 
presentations/publications. Have hit milestones and navigated the challenges of COVID-19 without 
much issue. With this kind of work regarding data and analyses, it’s always about uptake and getting 
folks to embrace the data. I think the work around the technical assistance and getting folks to use and 
implement this information will be critical to (1) ensuring the work has its intended impact, (2) further 
refining this work, and (3) ultimately judging the success of this project. Need to spend some 
time/budget highlighting the work and impact that they made. Really glad that the team is planning on 
carrying the analysis forward into policy and actions. Certainly there are a lot of misunderstandings (if 
they even think about it at all) in the general public around WTE. Have spent a lot of time understanding 
the source of the data to use it in the correct fashion for this model. This program has made a real 
advancement from the quality of the data that was in this industry just a few years ago. Project appears 
well managed; no concerns. Actively communicating with BETO management. The approach is strong. 
The need over the last 5 years to more thoroughly document WTE has been largely satisfied, and this 
project has been a big part of addressing the need. Very proactive in reaching local/municipal 
governments as part of the technical advisory work. Still a bit early to judge the impact of this part of the 
project, but the team seems ready to dedicate the necessary effort to make this successful. 
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• Strengths: Good communication and integration with research partners. Clear demonstration of 
advancing the existing knowledge base of municipal waste (e.g., improved on known values from the 
U.S. Environmental Protection Agency). Able to achieve project milestone within the timeframe of the 
project. Providing a positive impact on national waste treatment through regional models of waste stream 
composition. 

Weaknesses: More information on industrial relationships would have been valuable to demonstrate 
clear translation of the information into value-add data for commercial application. More collaborative 
work with commercial partnerships would have been valuable to show limitations and challenges of 
various treatment facilities and how this data base could help overcome their challenges (e.g., capital 
expenditure [CapEx] limitations, operating expenditure limitations, contaminants of concern). 

• The management plan is well thought out and includes specific areas of risk and risk mitigation. The 
communications plan is also good and includes regularly scheduled meetings and communication among 
various stakeholders. I think it is important to consider preprocessing issues, especially when looking at 
AD as a WTE conversion technology. There have been issues with consistency of food waste entering 
digestors and some negative impacts. Another area that could be considered is if the loop gets closed—
for example, some communities are adding food waste to digester, but are flaring the biogas rather than 
using that energy beneficially. The WTE technical assistance program is very detailed and well done. 
The only concern is that so many communities are in budget deficit now because of COVID-19, and that 
the statics on recycling and reuse might not be representative. 

• This project is one of several whose focus is on assessing the availability of waste resources as potential 
feedstocks for conversion processes. In particular, this project has mapped the availability of specific wet 
wastes and MSW components down to regional levels that can serve as a data base for the performance 
of cost-benefit analyses of various combinations of these waste feedstocks and conversion technologies. 
The data base and associated cost-benefit models are critical tools for helping to assess the most 
promising conversion technologies for a particular location and help guide where further technical 
development is necessary. There is no question as to the important impact this project has on waste 
conversion technology and BETO’s goals. The project management appears to be sound, with 
communication among other related modeling projects and industry advisors a plus to ensure consistency 
and relevance. The approach presented for the cost-benefit analysis of food waste and assessment of 
plastic, paper, and wood waste is reasonable, though it was not entirely clear how these individual tasks 
fit into the bigger overall goal. Explanation of how the particular pathways analyzed were chosen would 
also have been helpful, along with an example of how the model works for a specific case study. 
Nevertheless, the results obtained are illuminating and powerful. In particular, the establishment of the 
WTE technical assistance program (with a well-timed public announcement of the program launch and 
first webinar on the same day as the presentation!) is a significant achievement. It appears that the WTE 
technical assistance will be a tangible way to bring the results of this project to local government 
stakeholders to not only make them aware of the benefits of the tools developed for optimizing their 
waste management, but also in providing the necessary assistance on how to use these tools. The only 
concern is whether the National Renewable Energy Laboratory (NREL) team will be prepared to handle 
the volume of work that may occur if interest in the WTE technical assistance is as strong as its potential 
should demand. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their time and valuable feedback. We are glad to hear the reviewers found 

the WTE technical assistance valuable and a logical next step for this project. We agree and appreciate 
the suggestion of trying to reach “early-adopter” municipalities that tend to be on the cutting edge and 
can further help pull others along. The concern about whether the NREL team will be prepared to handle 
the large volume of work that may occur with the technical assistance is a very valid point. This is why 
we are adopting a phased approach so we can focus on a number of technical assistance projects that we 
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can accomplish within a given period. We apologize that it wasn’t clear how the individual tasks fit into 
the bigger overall goal and how the pathways for the cost-benefit analysis of food waste were chosen. 
The assessment of plastic, paper, and wood waste complements our work in previous years that looked at 
wet organic wastes (food waste; manure; sludge; and fats, oils, and greases [FOG]), and the goal is to 
provide a comprehensive understanding of the waste streams available for bioenergy conversions. The 
cost-benefit analysis of food waste ran in parallel with the cost-benefit analysis of sludge performed by 
our colleagues at the Pacific Northwest National Laboratory (PNNL) to better understand the cost and 
benefits associated with various food waste and sludge disposal and utilization options, as well as to 
compare the practices used today (landfilling, composting, anaerobic digestion, and incineration) to 
advanced biofuels production options (in this case HTL). The pathways analyzed under the cost-benefit 
analysis of food waste were determined in discussions with BETO management. The results of all these 
activities will be used to support the WTE technical assistance for local governments. We agree that 
limitations and challenges of various treatment facilities should be investigated in collaboration with 
industrial partners. However, this project does not consider treatment facilities. Wastewater treatment 
plants are analyzed by our colleagues at PNNL (project number 2.1.0.113). In case we misunderstood the 
question, the data inputs (e.g., CapEx, operating expenditures), analysis approach, and results for each 
pathway under the cost-benefit analysis of food waste were discussed with and reviewed by our 
industrial partners. 
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WASTE TO ENERGY: FEEDSTOCK EVALUATION AND BIOFUELS 
PRODUCTION POTENTIAL 
Pacific Northwest National Laboratory 

PROJECT DESCRIPTION 
Wet organic wastes such as municipal sludges, 
manures, food waste, and FOG are considered 
priority feedstocks for conversion to biofuels. 
Feedstock costs have a major impact on the feasible 
scale of proposed conversion and biorefining 
facilities and final fuel price. The BETO 2019 draft 
Multi-Year Program Plan establishes an MFSP target 
of $2.50/GGE or less for biofuels by 2030. To 
validate whether proposed conversion pathways can 
meet this target, our project will deliver and exercise a reusable, data-driven geo-economic framework to 
identify practical and cost-effective opportunities for pilot- to commercial-scale deployments. Despite risks 
from imperfect engineering, spatial, and market data, our work improves understanding of the real-world 
possibilities to combine feedstocks and increase plant scale to reduce the cost of biofuels. An illustrative 
finding from this work is that 45 regions in the United States can access ≥1,000 dry metric tons per day of 
feedstock at or below $50 per dry metric ton, which accounts for 82% of total wet organic wastes inventoried. 
Increasing modeled plant scale to 1,000 tons/day could reduce final fuel price by $0.69/GGE, compared to the 
previous design study scale of 100 tons/day. 

 

WBS: 2.1.0.113 

Presenter(s): Tim Seiple; Asanga 
Padmaperuma; Corinne 
Drennan 

Project Start Date: 05/01/2015 

Planned Project End Date: 09/30/2023 

Total DOE Funding: $950,000 
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Photo courtesy of PNNL 

COMMENTS 
• Good progress on this project. Would like to understand how the $1 billion saving on biosolids disposal 

is calculated and what the disposal options used in the calculation were. Additionally, all of the 
conversion processes seem to have some solids remaining after energy and resource recovery. The 
disposal cost for those solids should be factored into the cost comparison relative to current biosolids 
disposal. FOG collected at WRRFs can be highly contaminated with paper and plastics and may need 
some type of pretreatment. FOG collected from grease traps generally is much “cleaner” in that respect. 
Would like to have a more detailed explanation on how percent solids and distribution of the waste 
streams could be controlled in full-scale operations. 

• Have done significant work on the cost of logistics for biomass. Very impressive. Data visualizations are 
easy to understand and contain a lot of information. Well done. Clear statement about the impacts of the 
modeling effort. Would be excited to see the HTL technology move forward (I know this is not the goal 
of this work). Team seems to be interfacing and supporting other projects in the organic waste portfolio. 
Look to make the data and the summary information as public and accessible as possible. Perhaps 
something like choose your address, and the model will tell you how big you can go, as well as how big 
is reasonable. Seems to have navigated the challenges of COVID without much issue. Have continued to 
refine assumptions and update the model as data are returned. It’s also good to start with the endpoint in 
mind. Project is a clear recognition that a single type/source of organic may not be the most 
advantageous way to site. Good natural extension of the work that was previously done on feedstock 
availability/location. Will the logistics models also have an element that looks at emissions/greenhouse 
gas impact? Spend a lot of time understanding confounding factors in their waste—for example, percent 
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water impact on hauling costs. Model is more of a feedstock supply model, so it’s agnostic to the 
conversion technology. Model seems to handle many common challenges and impacts, like landfill bans. 

• I have no management concerns; the coordination with other entities appears to be very good. The 
approach appears to be logical, stepwise, and builds on prior work. The incorporation of high-strength 
waste will also be very important, particularly on a smaller spatial scale. The answer to the reviewer 
question regarding stakeholder engagement was very good and provides confidence regarding input data 
quality. The work is poised to have a large impact, though currently focused within the national lab 
network. Dissemination will be very important for a larger national impact. Plans appear to be in place to 
move in that direction, but strengthening the push from information sharing to having others outside of 
the national lab network start to use the data will be an important step. The progress and outcomes are 
clear. The ability to incorporate different technologies and different cost assumptions make the work 
very flexible. The ability to remove the $0 cost assumption is good. Again, the results seem like the type 
of information that will be of great interest to states (from a legislative perspective) and large 
municipalities (from a management perspective). I encourage the PIs to proactively approach 
dissemination goals to reach the largest and most impactful audience possible. Overall, this is an 
excellent project that supports many other projects and BETO’s overall goals. 

• Strengths: Effective inter-lab communication through the project. Invested valuable time to communicate 
with wastewater treatment plants and waste haulers for validation and clarification of the data. 
Geographic modeling of feedstock price vs. distance to haul appears to be a valuable approach in 
aligning with real-world application. Economic modeling for value-add bio-commodity production will 
bring positive impact to regional communities. 

Weaknesses: Appear to still have work to do in clarifying market pricing for feedstock over time (e.g., 
relationship between purchase price and feedstock quality, feedstock competition due to value-add end 
market products). No greenhouse gas calculations provided (due to early stage of data collection). The 
2022 review would benefit from a presentation of this modeling. Demonstrating more details around the 
value creation from bio-commodity production within this work would have been valuable to review in 
order to confirm true economic and waste management benefits. 

• This is another project that is focused on assessing availability of wet waste as a feedstock for 
conversion to liquid biofuels. The model being developed in this project evaluates waste sources over a 
defined localized region, along with transport costs and other relevant input variables to help determine 
cost-effective quantities and compositions of waste available in a given location (referred to as a hot 
spot) and the expected biocrude yield. This model is an important tool for identifying the most 
competitive and sustainable locations for biorefineries, and its impact is clearly significant. Though the 
model is said to be conversion-technology-agnostic, the examples provided and discussion presented all 
assume use of HTL for production of biocrude. This is understandable, given that the PNNL-based 
modeling team works closely with the experimental team at PNNL, which is known for its HTL research 
work. The cross-project integration between the modeling team in this project with the HTL 
experimental team and TEA team (represented by other presentations in this session) is an excellent 
structure for project management, where each team takes data from the other members and feeds results 
from its focus work back to the other team members to drive overall progress. The approach presented 
was informative and reasonable, with good use of examples to show how the model works and what its 
current capabilities are. Results to date are encouraging, with all current milestones met. However, the 
claim made that regional blending can achieve a 10x increase in HTL scale and a corresponding 
reduction in the MFSP by $0.69/GGE is a bit misleading. The basis of the claim appears to be that 
certain regions can supply the needed waste volume (as blends) that would, in theory, support the 10x 
increase in size, but this does not mean that the proposed 10x scale-up in size (equal to 1,000 dry tons of 
feed per day) will actually be achievable from an operations perspective, especially given that the current 
HTL scale being demonstrated is only in the range of 2–4 dry tons/day. Thus, the associated drop in 
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MFSP has not really been validated. Also, there are still some assumptions in the model (e.g., omission 
of tipping fees) that question the overall accuracy of the predicted results, though the project team 
acknowledges these and has stated that there is a plan to gradually make the necessary refinements as 
further model development occurs in the project. 

PI RESPONSE TO REVIEWER COMMENTS 
• General comment responses: We thank the reviewers for their time and effort. The Peer Review process 

is our best opportunity to receive critical external reviews on the project. Your feedback helps us to focus 
our research, strengthen our methods, and make important connections. To summarize the overall project 
and context for current work, we previously focused on assessing the quality and quantity of priority wet 
organic wastes, including sludge, manure, food waste, and FOG. Next, we assessed economically 
sustainable sludge and manure feedstocks on an individual basis to estimate the minimum feasible 
deployment scale of stand-alone HTL for wastewater treatment facilities and large confined animal 
operations. We are now in the process of quantifying cost-effective regionally optimized feedstock 
blending to help increase the potential number and scale of a national network of integrated conversion 
and biorefining facilities. We are just now entering the third quarter of our first year in the current 
project phase. The following milestones define the remainder of the project: (Q1) integrate multimodal 
transportation network and multi-objective optimization to balance feedstock transport costs with plant 
scale (12/31/2020, complete), (Q2) characterize high-strength organic waste sources not already 
inventoried (3/31/2020, complete), (Q3) integrate comprehensive feedstock pricing into aggregation and 
siting model (6/30/2020), (Q4) quantify cost-constrained regional feedstocks using enhanced feedstock 
model (9/30/2021), (FY 2022) economic blending analysis (9/30/2022), and (FY 2023) finalize 
biorefinery siting and sensitivity analysis (9/30/2023).  

We are pleased to know the value of our project was clearly demonstrated in the presentation. It is our 
hope that our flexible, technology-agnostic, geographically explicit feedstock supply and biorefinery 
siting model will be used to build an evidence-based business case for industry partners to move forward 
with HTL and other transformational technologies.  

• Scoring criteria specific comment responses:  

• Management: We are pleased the reviewers recognized the value in our agile cross-team, cross-lab 
management approach.  

• Approach: Modeling greenhouse gases is not explicitly within our scope, and other projects are focusing 
closely on this topic. Specifically, Argonne National Laboratory’s Supply Chain Sustainability Analysis 
project applies their Greenhouse gases, Regulated Emissions, and Energy use in Technologies (GREET) 
model to PNNL-developed conversion life cycle process models. The resulting greenhouse gas 
accounting is published in the Supply Chain Sustainability Analysis report, which includes analyses for 
all BETO technology pathways and coincides with the state-of-technology (SOT) reports, including 
PNNL’s HTL SOT. However, it is likely we will be asked to supplement Argonne’s greenhouse gas 
accounting with emissions estimates from transporting wet organic wastes to the conversion/biorefining 
facility. 

Thus far we have not considered scum collected at wastewater treatment facilities. However, we are in 
the process of modeling scum based on influent flow to include in our National Wet Waste Inventory. As 
one reviewer mentioned, wastewater scum could be contaminated with paper and plastics. However, this 
should not pose a technical challenge for HTL reactors. We will be sure to incorporate any additional 
formatting costs to handle this feedstock depending on the conversion technology being modeled. 

Regarding the question of how “percent solids and distribution of the waste streams could be controlled 
in full-scale operations,” we anticipate that biorefineries will function similar to petroleum refineries in 
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terms of trying to maximize fuel production in light of dynamic changes in feedstock quantity and 
quality, but we hope to minimize daily to weekly variability through optimization. The resource 
assessment phase of this project focused on identifying sustainable supplies of wet organic waste 
streams. Commodities with infrequent or highly variable flows or existing high reuse demand were not 
included. The flow of municipal wastewater solids, confined animal manures, food waste, and target 
FOG components have very steady long-term supply behavior. Most variability in the quantity of these 
waste streams comes from slow regulatory changes. If anything, more stringent regulation will increase 
the feedstock magnitudes through increased capture or diversion requirements, which will also increase 
traditional management costs, thereby improving conversion economics. As we move into the economic, 
regionally optimized blending phase of the project, we will experiment with different waste blending 
model control options during optimization. For example, (1) annual waste volumes will be assessed on 
an hourly to daily basis to determine hauling frequency for a given source, (2) regulated wastes could be 
given priority over unregulated wastes, (3) we will investigate different waste aggregation strategies 
(separated vs. mixed-waste pickup), and (4) different objective functions will be applied to maximize 
either feedstock utilization or conversion efficiency. We will develop a range of realistic blending 
scenarios that represent the flexible approaches likely to occur in different regions of the United States.  

• Impact: We agree that retiring the $0 cost assumption is a significant outcome of this work. We 
acknowledge that transportation cost is an incomplete representation of total feedstock price. In FY 2021 
Q3, we plan to expand the notion of feedstock price to include additional cost and savings elements such 
as market pricing (competitive feedstock use), service (tipping) fees, avoided costs, and credits. This will 
be an ongoing process and will require input from DOE, industry, and the techno-economic modeling 
teams. Although we possess detailed tipping fee data, we made the decision to initially omit tipping fees 
because we were interested in first understanding the impact of delivery costs on cost-effective feedstock 
before layering in other cost elements. Omitting tipping fees should not jeopardize the accuracy of the 
current estimates. If anything, the current results are more conservative, as applying tipping fees will 
offset feedstock transportation costs.  

• Progress and outcomes: Several reviewers commented on the need to deliberately disseminate results, 
particularly to state legislators and large municipality managers. We plan to actively share results in mid-
2022 after we have had a chance to finalize the feedstock model and perform quality control on the 
results in preparation for integrating our results into the FY 2022 SOT report for HTL. We plan to work 
with our graphics team to package the data and findings into standardized, easy-to-consume 
downloadable infographics. The underlying data will also be submitted as a Mendeley Data in Brief, 
which will allow others to quickly access and cite the data. As our model matures, we will extract 
metrics that better characterize the overall value of siting scenarios. 

The reference to $1 billion in potential savings from avoided municipal biosolids disposal was reported 
as a finding in the Journal of Environmental Management 
(https://doi.org/10.1016/j.jenvman.2020.110852). The estimate represents the difference between 
biosolids disposal costs for the “Baseline” and “HTL Max” scenarios listed in Table 5. Essentially, the 
HTL Max scenario summarizes the impacts of building new HTL reactors everywhere that they are 
modeled to be cost-effective (i.e., net present value = 0), which was reported to be any wastewater plant 
influent flow of 4.6 million gallons per day. The total reported savings potential ($1.43 billion/year) in 
Table 5 accounts for some minor savings from existing non-HTL solids reduction strategies in the 
hypothetical composite fleet. However, the underlying data for Table 4 indicate that the 1,161 economic 
HTL projects alone can also reduce biosolids disposal costs by >$1 billion/year compared to current 
practice. This analysis did account for the disposal costs of HTL residuals and wastewater. HTL 
wastewater treatment costs were adopted from Snowden-Swan et al. (https://doi.org/10.2172/1415710). 
For all solids disposal endpoints, regardless of technology, the model assumed an average disposal cost 
of $400/dry short ton, which included formatting, dewatering, hauling, tipping, and indirect expenses. 
The same value was used to estimate savings from avoided disposal. 

https://doi.org/10.1016/j.jenvman.2020.110852
https://doi.org/10.2172/1415710
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It was not our intention to mislead the reviewers with respect to the claim that blending wet organic 
wastes could improve plant scales by a factor of 10. The reviewer is correct; the projected MFSP has not 
been validated in the commercial sector. In fact, if it had, we would not need to model it. The purpose of 
the national model exercise was to inform other teams, such as the TEA/SOT team, with a preliminary 
sense of the number and potential size of biorefineries in the United States, such that they could design a 
blending sensitivity case to supplement the SOT. We plan to spend the entire next 2 years refining and 
calibrating the biorefining siting analysis. Even then, these results are merely our best projections of 
what is possible in the real world. 
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ANALYSIS AND SUSTAINABILITY INTERFACE 
Pacific Northwest National Laboratory 

PROJECT DESCRIPTION 
This project provides technical, economic, and 
sustainability analysis support for several biomass 
conversion routes to hydrocarbon fuels and 
chemicals. In the context of the Organic Waste area, 
this presentation focuses on the project’s wet-waste 
HTL task. Building on previous wood and algae 
work, PNNL began testing and TEA of wet-waste 
HTL and biocrude upgrading in FY 2016. The design 
case projecting the 2022 cost target for the pathway 
was published in 2017, and annual SOT assessments were conducted since then to guide the research and track 
the performance and modeled MFSP toward the technical and cost goals. Data availability, a common 
challenge for TEA, is mitigated by frequent interaction with researchers to exchange information and review 
sustainable cost-reduction strategies. Through the integrated experimental/analysis project efforts, the SOT 
MFSP was reduced from $7.16/GGE to $4.50/GGE, and planned research will enable BETO’s 2022 ($3/GGE) 
and 2030 ($2.5/GGE) cost targets. In addition, uncertainty quantification using a reduced-order model 
approach was performed and indicates a −25% to +39% uncertainty around the SOT biocrude selling price. As 
part of this effort, a predictive HTL yield model based on continuous system testing of 15 waste feedstocks in 
PNNL’s process development unit (PDU) was developed, the first of its kind in the literature.  

 

WBS: 2.1.0.301 

Presenter(s): Lesley Snowden-Swan; 
Asanga Padmaperuma; 
Corinne Drennan 

Project Start Date: 10/01/2016 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $1,500,000 
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Photo courtesy of PNNL 

COMMENTS 
• Slide 9 model needs to account for the lack of the bio-intermediate rule if transporting biocrude. Good 

use of value engineering to reduce the capital costs of the system 13% and to incorporate the results of 
this project into the TEA. Clear lines of communication, and involvement in other projects that are likely 
to influence the MFSP. Project seems well presented. Modelers are making significant effort to present 
work and get out and meet practitioners and laboratory personnel at conferences and in their labs (as 
appropriate during COVID). Material costs have escalated rapidly and might offset some of the gains 
around capital costs. Although all projects would be largely equally impacted. The team has hit its 
annual milestones to publish an updated SOT and is on track to publish their business case. That 
publication should embrace graphics and a simplified abstract to reach a broader audience. Waste is an 
inevitable part of economic activities, but it is also a great opportunity for biofuel production. This could 
help change the conversation from landfilling and incineration to valorizing these cost centers. Would be 
good to see citations/earned media. This would be a good record of how folks are taking up the analysis. 
The work is clearly helping to drive research elsewhere in the WTE portfolio by focusing on some of the 
most critical and impactful elements of WTE. Material costs have dramatically escalated in 2020; is the 
sensitivity to this captured in the analysis in any way? 

• Strengths: Clear demonstration of strong relationships within experimental team and good wastewater 
treatment partnerships for validation of progress. Already demonstrated MFSP of <$2.5/GGE for Detroit 
case study, validating the clear impact of this project to regional communities. Identified key feedstock 
impacts on process efficiency (e.g., relationship between FOG content and reduced MFSP). Strong 
knowledge of local and federal incentive plans for incorporation into regional modeling (e.g., renewable 
fuels credits).  
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Weaknesses: Further information on what has been learned from partnerships/engagements with 
commercial partners would have been valuable, including what insights had influenced your 
experimental decisions. It was unclear whether fractionation/product purification was incorporated into 
scope. This will be critical for final GGE price. Unclear if carbon in the aqueous phase and its potential 
cost for disposal was being considered in the model. More information on the projected capital 
investment relative to the research findings would have been valuable for validation of commercial 
viability (e.g., expected payback period on a given plant size, key cost drivers for the technology 
integration). 

• The project seems to be very well managed. It is well integrated with other national lab projects in 
particular. Some of the findings regarding the ability/viability of scaling up HTL to 1,000 dry tons/day 
seem disconnected from actual data, given that operation at this kind of scale, including the large 
quantities of waste generated that need to be dealt with, has not been demonstrated. The HTL aqueous 
waste stream is included in the TEA/life cycle assessment (LCA), but it seems to be in early stages and 
the assumptions made regarding treatment needs were not clear. This is a very important part of the 
scale-up and delivery of the technology, and I encourage the team and BETO to focus on this area. The 
project has very nice impacts with respect to stimulating research in areas that will have the greatest 
impact on decreasing the cost of HTL. 

• This is the third of three integrated PNNL projects that leverage each other to accelerate development of 
HTL for production of liquid fuels from wet wastes. This project addresses deployment and refinement 
of the TEA model to identify key variables that drive cost for the experimental team to explore, with the 
experimental results feeding back into improving the accuracy of the TEA. The management structure 
that incorporates this feedback loop among the PNNL teams is highly commendable and appears to be 
working well based on some of the results presented. While it is understood that this HTL TEA project 
falls under the scope of a much larger analysis project, it would make more sense if the experimental and 
TEA work were combined into a single project, as is the case for the other projects in this Organic Waste 
session. The project approach is straightforward and sound. The results show a significant decrease in 
the predicted MFSP for the liquid fuel product over the past several years, which is consistent with 
BETO’s goals and desired outcomes. The impact on HTL development and for BETO is therefore 
considerable. Although feedstock price variation is now explored in the sensitivity analysis, the 
continued use of zero feedstock cost as the base case still appears unrealistic. A more representative cost 
should be determined and used for the base case and then sensitivity performed on that. With respect to 
results, some results are a bit confusing due to limited details provided. For example, it is not obvious 
how the improved heat exchanger setup that uses three heat exchanger units instead on one unit 
previously and two pumps instead of one has a lower capital cost. It is also not clear how carbon and 
nitrogen removal in the aqueous product phase will be improved, and whether this is included in the 
sensitivity analysis. While the primary drivers for MFSP reduction from 2018 through 2020 are 
identified, it is not clear what is responsible for the 2022 projected value, which is significant because it 
is close to achieving the BETO target. Nevertheless, the overall results are encouraging, and the project 
is meeting its milestones and generally appears to be on track to guide further HTL development. 

• This project is meeting all goals and milestones. Results to date are very encouraging. Being able to use 
FOG in this process is a benefit to the water sector. Need to see a detailed mass balance. Also, there 
needs to be a description of any waste materials from this process and disposal options/issues. Also, 
there should be more information about any recycle streams to the WRRF and their impact on nutrient 
removal, permit considerations, etc. 

PI RESPONSE TO REVIEWER COMMENTS 
• We appreciate the time spent by the reviewers and for their insightful comments and feedback. Response 

to 1st reviewer: We agree that there currently isn’t an avenue to track credits associated with the 
intermediate biocrude (“bio-intermediate”) between an HTL and upgrading facility under the current 
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Renewable Fuel Standard. However, the U.S. Environmental Protection Agency proposed a rule change 
to the Renewable Fuel Standard in October 2016 that would allow for bio-intermediates, and our hope is 
that as the technology advances toward industry adoption, this rule will be fully promulgated in the 
future. We do agree with the reviewers to include simplified figures in publications so the general public 
will get a better understanding. The national laboratories are implementing a new tracking system to 
collect alt metrics, which is in line with the comments made by the panel. Regarding rising material 
costs, all costs for the state-of-technology assessment are presented in 2016 dollars for consistency with 
other BETO pathway analyses. Costs for BETO analyses are due to be updated to a more recent year and 
will indeed reflect the escalated material costs that you mention. We did not include sensitivity around 
cost year in the analysis but will consider including this in the future.  

• Response to the 2nd reviewer: Thank you for highlighting the value of working with industrial partners. 
This project relies heavily on the input we receive from our partners; specifically, during the 
development of the design case (2017), we asked for industry review and received up to 500 comments 
that influenced the flowsheet modeling and experimental work to follow. The issue of nitrogen loading 
in the HTL aqueous can create a bottleneck in secondary treatment and challenge discharge permits. This 
led to researching pretreatment options. Industry feedback about total metals concentration in the 
biocrude and the limits of commercial hydrotreaters directed our use and development of guard beds and 
now advanced biocrude pretreatment. Working with partners revealed that color bodies in the recycled 
aqueous phase could impact ultraviolet disinfection, even at high dilution rates, and drove a focus on 
identifying and removing color bodies. These are three of many examples. 

We regret that under time constraints we were not able to present as much detail on the process model as 
we would have liked. The model includes final product separation (distillation) into blendstock fractions 
(diesel, naphtha, jet), and all capital and operating costs for this step are included in the MFSP. The HTL 
aqueous phase is currently modeled to be treated with ammonia stripping and then recycled back to the 
wastewater treatment plant headworks. We are working with the industry to better understand the 
possible limitations with this option and testing alternative options in the laboratory, including anaerobic 
digestion/annamox and thermo-catalytic conversion methods, and will be incorporating updates into the 
flowsheet as we identify the most promising option. 

Projected capital investment is estimated based on the key parameters derived from the research; 
however, capital costing is modeled for an “nth plant” and therefore will be significantly lower than the 
first few plants that are built. Payback period is indeed another economic metric rather than MFSP that 
could be presented (assuming market values for biocrude and final fuel blendstock). We will consider 
including this metric as sensitivity to MFSP in the future.  

• Response to the 3rd reviewer: Thank you for your point regarding presenting the detailed mass balance. 
In future reviews, we will give more detail around the process flowsheet and description of waste 
streams from the process and associated challenges. The collective team is actively working with the 
industry to better understand the potential impacts that recycling the HTL aqueous stream will have on a 
WRRF’s operations such as added ammonia and organic nitrogen and the presence of color bodies. More 
beneficial options for the HTL solids/ash other than landfill disposal are under consideration.  

• Response to the 4th reviewer: The alternative scenario considering a 1,000-dry-ton/day regional wet-
waste processing plant is based on PNNL’s HTL testing of a waste blend representative of an actual 
urban area (Detroit) and geospatial analysis of the nation’s wet-waste sites (see WBS# 2.1.0.113), and is 
being considered to investigate and illustrate to external stakeholders the potential economic benefit and 
environmental impact of transporting wet waste to achieve economies of scale. Absolutely, there are 
logistical challenges of hauling waste around; however, much is already being transported today, as in 
the case of food waste and FOG being co-digested at WRRFs and manure being trucked many miles 
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across counties/states given land application limits. We are therefore considering this type of scenario in 
the realm of possibilities moving forward. 

The baseline assumption is that the HTL aqueous phase is treated by ammonia stripping and then 
recycled back to the WRRF. Indeed, effective treatment of the aqueous phase is critical to the successful 
scale-up of the HTL technology, and we continue to work on testing of industrially available and novel 
treatment/valorization methods in our PDU project to drive toward the most economical and 
environmentally beneficial solution.  

• Response to the 5th reviewer: The zero feedstock cost assumed for the base case is considered to be 
conservative given that it is likely there will be some sort of “tipping fee” that a WRRF would pay an 
HTL plant owner/operator. However, we are modeling a future time where it is entirely possible that 
waste for renewables production could become a commodity due to increased demand (e.g., the recent 
shift in FOG demand for hydroprocessed esters and fatty acids production). 

We regret that time constraints did not allow for more explanation of the detailed heat exchanger 
analysis. To clarify, although there are two additional heat exchangers, the material usage is much lower 
with the new design, primarily because the design pressure (and thus wall thickness) is lower on all of 
the shells (~200-psia heat transfer oil vs. 3,000-psia HTL reactor effluent for previous design) and the 
tubes for the first 500°F of surface area needed for heating. 

The base case for the design assumes ammonia stripping. The model shows that the stripping process 
removes approximately all of the ammonia nitrogen, 60% of the total nitrogen, and 54% of the carbon. 
However, testing of ammonia stripping is needed to validate the model. Also, testing of alternative 
strategies is being conducted on the PDU project to drive toward the best solution for the aqueous phase. 
A sensitivity analysis was conducted on the aqueous-phase technologies tested to date, included in the 
PDU project review, and published in the 2020 SOT report. From the preliminary data, it is estimated 
that the thermochemical methods tested thus far could add $0.57–$0.74/GGE and $0.08–$0.14/GGE to 
the SOT for high and medium chemical oxygen demand (COD) removal methods, respectively. Removal 
of nitrogen species is estimated at 80%–100% for ammonia and 0%–100% for organic nitrogen. 

The target parameters for the 2022 projected case include increased HTL solids content and biocrude 
yields, decreased HTL heat exchanger capital cost, and increased biocrude hydrotreating catalyst 
performance. 
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BENCH-SCALE HTL OF WET WASTES 
Pacific Northwest National Laboratory 

PROJECT DESCRIPTION 
This project is advancing the state of technology for 
HTL to make it an economically viable pathway to 
convert wet wastes (existing liabilities) into high-
cetane diesel blendstocks. This project addresses two 
key roadblocks to commercialization: (1) the cost of 
capital for HTL and (2) hydrotreating catalyst activity 
and life. We have improved catalyst performance by 
using a commercially relevant NiMo catalyst, which 
enabled a 3x increase in catalyst activity to achieve 
industrially relevant reaction rates (weight hourly space velocity 1.0 h−1). Catalyst and guard-bed 
developments have enabled significant improvement, thereby setting us to meet the 2022 project goal of 2,000 
hours of stable hydrotreating at a weight hourly space velocity of 0.75 h−1. This project is evaluating the use of 
regional wet-waste blends and increased solids content to reduce HTL capital costs on a per-unit biocrude 
basis. Testing with regional wet-waste blends of food, sewage sludge, and FOG has indicated no negative 
effects on biocrude quality or HTL performance, demonstrating the viability of larger, regional wet-waste HTL 
plants. Increasing the solids content of the feedstock has resulted in increased process yields and enables 
further HTL process intensification. By focusing on the highest-impact research, this project is projected to 
meet or exceed the modeled costs targets set by BETO. The technical advancements made in this work can be 
used by industry to reduce HTL costs, de-risk piloting, and commercialize HTL technology. 

 

WBS: 2.2.2.302 

Presenter(s): Michael Thorson; Asanga 
Padmaperuma; Corinne 
Drennan 

Project Start Date: 10/01/2018 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $1,080,000 
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Photo courtesy of PNNL 

COMMENTS 
• Should look at resilience of the process to variability. It’s unlikely that blends will be fed exactly at the 

defined ratio. For instance, as food waste is dumped in the feed hopper, the percent is likely to vary 
within a range. Showing if and how this impacts performance would be very interesting. It would also 
make clear whether fine control of materials is critical or whether there is a lot of tolerance. My 
hypothesis would be the latter, because of how resilient HTL is. This becomes a big selling point in that 
the process can be adjusted in real time by an operator. In a process that is as close to commercial as 
HTL is, understanding the level of process control/tolerance is critical to transitioning process 
management from scientists to technicians. Clear focus on the elements that reduce the MFSP of HTL-
derived fuel. Goals are specific, measurable, achievable, relevant, and timely (SMART), and clearly 
sequenced to a larger overarching goal. Clear and frequent communication with DOE and other projects 
on HTL fuels. Coordinating widely. Using the work of WBS 2.1.0.113 to help with selecting the right 
feedstock blend. HTL needs to be commercially demonstrated. “Perfect” is becoming the element of 
“good enough” to be commercially successful. Would be ideal to get an actual unit operating in the field. 
Not meant to criticize effort, since I know the team is working on these issues (and has been for many 
years). Have clearly broken down the large factors that address final selling price of the product, and are 
clearly driving toward the goal of reducing cost on each of these. It is clear that progress is being made 
in line with the overarching BETO goals on this project. Have been constantly mapping the work at the 
bench scale to the engineering scale to confirm that data are applicable at larger scales. Well presented. 
Knowledgeable and concise presenter. 

• Strengths: Demonstrated value-add relationships outside of academic and research institutions (including 
refineries, wastewater treatment companies, and energy agencies). Suitable scale-up plan for technology 
validation and confirmation of commercial viability—valuable advancement in catalyst life and 
operational performance in HTL application. 

Weaknesses: More information around trace components and their impact over time on operation, as 
well as pre-feed requirements to prevent performance reduction, would have been valuable in this 
review. It was difficult to determine what was in scope with regard to the HTL development work. It 
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would have been valuable to review the boundary limits of the project in order to understand what was 
out of scope (e.g., product purification for industrial validation). Heat exchanger design evolution did not 
appear to have strong enough merit to warrant it being national lab scope of work. More appropriate to 
be outsourced to an engineering design firm. 

• The project has had some successful outcomes and has identified various risks and risk mitigation. The 
project is well managed and is on schedule relative to the projected milestones. Although there are 
pumps that can pump high-solids-content wastewater sludge, sludge has rheological properties, 
especially in that solids range, that could be impacted by pumping. It usually results in a change of 
viscosity. It would be important to understand the sensitivity of the HTL unit and if it is affected by 
viscosity changes. I would like to see a mass balance to understand any issues with disposal of solids 
from this process and any recycle stream to the WRRF. The concern is the quality of waste solids that 
are produced, their characteristics, and options for disposal or beneficial use. 

• The project seems to be very well coordinated with other national lab projects and with industry. 
Management appears to be excellent. With respect to the approach, the overlap with the HTL PDU is a 
bit unclear. It is unclear how this project works with the PDU to verify consistent results with similar 
feedstocks, similar waste streams, etc. The upcoming work on blends including manure will be useful for 
understanding the trade-offs of different feedstocks from the proposed regional blends. The ability to use 
high-solids blends appears to be very good, and the polyethylene terephthalate (PET) results are exciting. 
Work focused on extending catalyst lifetime will be important; it is not clear what the approach to 
actually extending the catalyst lifetime is. A guard-bed reactor was mentioned but not elaborated on. It is 
unclear whether this is part of that effort. Research on the liability/utility of waste/byproduct streams will 
be important to pursue. This seems like a very important area if this technology is to be widely utilized, 
particularly at the large regional scale that is being discussed. As with other projects, dissemination and 
outreach seems to be critical. Overall a very good project that is moving the HTL technology forward. 

• This project reports on experimental work at PNNL in HTL on various aspects that are intended to 
improve knowledge and reduce barriers to commercialization of this technology. PNNL has been one of 
the leaders in cutting-edge research on HTL and in supporting efforts for commercialization, and it is 
encouraging to see this work continue in this project. The close working relationship between this 
experimental team, the feedstock analysis team, and the TEA team, as embodied in the management and 
illustrated by good examples in the approach, is a highly effective and efficient way to drive rapid and 
meaningful development of HTL technology. This project structure is also helping to steadily reduce the 
cost of liquid fuel products, which directly supports BETO’s objectives. As a water-based technology, 
HTL is a cost-effective method for converting wet wastes to liquid fuels by avoiding the significant costs 
associated with drying the feed. The specific progress shown in the experimental results from increasing 
feed solids content and in increasing hydrotreater catalyst activity represents important achievements and 
supports the associated reduction in overall fuel cost. The results of blended feed tests are also important 
and encouraging from a performance perspective, though it is not clear that they support the claimed 
order-of-magnitude increase in HTL plant size and associated decrease in fuel price. Just because there is 
sufficient feed quantity in a regional location (represented by the tested feed composition) to allow 
operation at an increased scale does not necessarily mean that a plant at that scale can be successfully 
operated. This credit can only be truly claimed when HTL is successfully demonstrated at the specified 
scale, or at least when justification can be made that scale-up to the desired size is feasible based on 
current or previous successful scale-ups. Nevertheless, experimental work in key areas identified by 
modeling is critical to further development of HTL technology. In particular, incorporation of plastics 
into blended feedstocks (the presentation briefly stated that HTL of polyethylene terephthalate plastic 
has promising results, but none were provided) would represent another important achievement and 
allow more flexibility in available feed types. 
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PI RESPONSE TO REVIEWER COMMENTS 
• We would like to thank the reviewers for their thoughtful and constructive comments and questions. We 

appreciate the positive feedback regarding our progress, successful outcomes, project and risk 
management, and impact in the community and toward commercialization. We will address key 
questions and areas that need further clarification.  

• “Important to understand the sensitivity of the HTL unit and if it is affected by viscosity changes,” 
“Should look at the resilience of the process to variability,” and need “pre-feed requirements to prevent 
performance reduction.” Yes, sludge rheology and viscosity data are critical to solids handling, pumping, 
plugging, and sustainable operation. We have found that the rheology of wet-waste feedstock is 
significantly influenced by several factors, including the composition of the feedstock, the solids content, 
and the ash. We have processed dozens of real-world feedstocks in our continuous flow reactors. In 
general, the simplicity of the HTL process makes it well suited to handle variations in feedstocks with 
the appropriate grinding, homogenizing, and/or shredding. The ash content, the fat content, and the size 
of large particles (e.g., rocks and straw) have some of the strongest influences on the processability of 
the feeds. The PDU project (sister project) does a lot of work looking at feedstock rheology, feedstock 
processing, and understanding its impact on HTL. 

• “Understand any issues with the disposal of solids…and any recycle stream to the WRRF” and 
“Liability/utility of waste/byproduct streams will be important.” We agree that the disposal or treatment 
strategy for full-scale integration within a WRRF is needed for the HTL aqueous and solids streams. 
PNNL is developing multiple promising commercially viable treatment solutions for the aqueous 
streams, including catalytic hydrothermal gasification, anaerobic digestion, wet air oxidation, and other 
processes to clean up the stream. The ultimate goal is for all or part of the aqueous stream to be recycled 
to the headworks of a WRRF. Although the solids stream may meet landfill or land application 
specifications, we believe there is an opportunity to improve the overall process yield by extracting 
residual oil from the solids stream.  

• “Overlap with the HTL PDU is a bit unclear.” The PDU is a much larger project that tackles many of the 
key challenges for scale-up and implementation of HTL. We interact and leverage the work done on the 
PDU project. For example, we will leverage work done on the hydrotreater guard bed as we look to 
demonstrate 2,000 hours of hydrotreater performance in FY 2022. Also, we will leverage the 
technologies that they develop for aqueous treatment to advance the state of technology. On this project, 
we are focused on implementing and developing technology that drives the MFSP down in our SOT. 
This includes things like extending hydrotreater catalyst lifetime and activity and quantifying the yield 
and process performance associated with processing higher-solids-content feedstocks. The PDU scales 
this work up the engineering-scale system.  

• “I would like to see a mass balance.” We agree wholeheartedly that a mass balance is a critical tool for 
process development, evaluating and understanding processes, and identifying improvement 
opportunities. In an earlier version of the peer-review slides, we included a Sankey diagram for both the 
overall mass balance and the carbon balance, but we left them out due to the limited presentation time. 
Overall, a typical dry, ash-free yield for an HTL experiment from sewage sludge is approximately 41% 
biocrude, 33% aqueous, 19% gas, and 7% solids. On a carbon basis, a typical overall yield for an HTL 
experiment is approximately 58% biocrude, 24% aqueous, 10% solids, and 8% gas.  

• “It is not clear what the approach to actually extending the catalyst lifetime is” and “A guard-bed reactor 
was mentioned but not elaborated on.” To extend the hydrotreater catalyst life, we will use a guard bed 
to remove the Fe and other metals (hydrodemetallization) from the biocrude, and thereby reduce catalyst 
poisoning in the main hydrotreater due to metal deposition. We are evaluating two guard-bed 
configurations: a slurry bubble column and a trickle-bed hydrotreater to reduce the metal content <10 
ppm before the main hydrotreater. The goal is to achieve a modeled hydrotreater catalyst life of 1 year 
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by doing long-term catalyst lifetime testing for over 2,000 hours. We plan to use the extended time-on-
stream run to look at deactivation of the catalyst as a function of position, as well as learn about the 
deactivation rate based on the change in activity with time. Based on the slope of deactivation and the 
local deactivation rates (top vs. the main section of catalyst bed), we believe we can achieve a modeled 
catalyst life of >1 year.  

• Understanding how the “blended feed tests…support the claimed order-of-magnitude increase in HTL 
plant size and associated decrease in fuel price.” A key to larger HTL facilities is combining multiple 
wet-waste feedstocks beyond just sewage sludge. The resource assessment team showed that if they 
opened up the feedstock composition fed to an HTL facility to include food waste as well as FOG, the 
plant can afford the transportation costs necessary to justify a 1,000-ton-per-day plant. We showed 
experimentally that the alternative food wastes provide similar or better yields as compared to stand-
alone sewage sludge processing. These data give us confidence that an HTL plant handling a variety of 
wet-waste feedstocks will have the same process performance and yields as that of a sewage sludge-only 
process. 
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BIOGAS TO LIQUID FUELS AND CHEMICALS USING A 
METHANOTROPHIC MICROORGANISM 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
Biogas derived from anaerobic digestion of waste 
streams such as biorefinery wastewater and animal, 
agricultural, and municipal solid waste offers a 
versatile renewable energy source. Total domestic 
methane potential from landfill material, animal 
manure, wastewater, and organic waste, combined 
with biogas generated from AD of lignocellulosic 
biomass, is estimated to offer >4 quadrillion Btu 
potential energy. This energy could displace nearly 
half of current domestic natural gas consumption in the electric power sector and all consumption in the 
transportation sector. However, despite the promise of this feedstock, its gaseous state prevents facile 
integration with extant transportation and industrial infrastructure. Microbial conversion of biogas to liquid 
fuel and chemical intermediates offers valorization potential. However, biogas biocatalysis is currently limited 
by poor substrate gas-to-liquid mass transfer, low conversion efficiencies, and incomplete biogas utilization. 
To this end, the Biogas Biocatalysis annual operating plan aims to develop a carbon- and energy-efficient 
biogas bioconversion process via techno-economic-informed strain and fermentation engineering strategies. 
Efforts here will improve both process economics and sustainability via process-intensified, carbon-efficient 
biogas bioconversion to value-added platform molecules, enabling bolt-on deployment for valorization of 
biogas derived from stand-alone AD infrastructure. 

 

WBS: 2.3.2.102 

Presenter(s): Adam Bratis; Michael 
Guarnieri; Zia Abdullah; 
Courtney Payne; Jessica 
Krupa 

Project Start Date: 10/01/2013 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $1,200,000 
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Photo courtesy of NREL 

COMMENTS 
• Delegated authority to manage minor research developments. Clearly articulated elevation and standards 

around change management. Large number of material transfer agreements. Have developed a large 
toolbox to tailor methanotrophs and optimize to this process. Also potentially licensable intellectual 
property to someone else working in this space. Pretty impressive results demonstrating marked 
increases in C1 rate and yields. Which year’s SOT was this? Q2 milestone should also have a purity or 
ease-of-separation milestone. Lower yields with easy separations is the other side of the coin from high 
yields with difficult separations. Seem to have engaged a number of industry partners. Who, if anyone, is 
interested in commercializing this intellectual property? Are they interested in the whole or the enabling 
developments? Responsive to comments from previous review processes. No comment on risk 
identification and mitigation strategies. Probably more of a “how did we react,” given that this project is 
closer to the end than the beginning. Need to tie/relate intermediate metrics back to the overall metrics of 
>$0.25/GGE. Team has truly made a lot of technological progress around an early-stage technology. 
Advances like these should help the project adjust quickly at larger scales. Need to help with the 
transition out of the laboratory setting. Solid-state processing (biological immobilization) is pretty nifty. 
Very knowledgeable presenter, and diverse team with strong technical underpinnings. Are doing a few 
things to answer research questions, which might not be economical at a commercial scale. 

• Project has a good management plan. Data so far look very promising. Good risk identification and 
mitigation plan. Have some concerns about the stability of the microorganisms under varying conditions 
(caused by variation in waste stream). Would like to see more information on organism growth and 
decay rates and how they are managed in the biocatalyst, and regeneration or replacement rate of 
biocatalyst. Also would like to have more information on any waste streams from this process and 
disposal concerns. 

• Strengths: Clear communication and collaboration with Lawrence Livermore National Laboratory. 
Demonstrates valuable industry potential with the addition of a biocatalyst unit at existing digestors for 
fuels and chemicals production. Significant advancements have been made toward converting CO2 and 
CH4 into 3-hydroxybutyrate via biomass production. Bioreactor internal development enables multiphase 
fermentation to occur (gas feedstock, solid substrate, liquid product). Valuable advancement in microbe 
strain for increased acid tolerance. 

Weaknesses: Additional industry partnerships for advice on challenges and limitations to 
commercializing a biocatalyst would add value to this project. The project would benefit from 
investigative work into the technology and cost required to extract and purify identified products (e.g., 3-
hydroxybutyrate). It was difficult to determine whether there was lost performance due to the 3D-printed 
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substrate exhibiting contamination or fouling. This will be valuable information for understanding the 
long-term commercial operability. The priority around the suite of other fuels and polymer intermediate 
was vague. It would be valuable to use commercial and market data for prioritizing microbe pathway 
development 

• The project management is very strong. This is a very exciting project. There is a lot of potential impact 
beyond the goals of the project, with respect to the reactor design and technology and the genetic 
engineering tools that were developed. This is a fairly early stage, but there seem to be a lot of directions 
that the work can go in, particularly given the new reactor design. The approach is very focused. There 
are a few considerations that should be incorporated into future work or at a minimum into the 
LCA/TEA, particularly the disposal of the scaffold structure/hydrogel/biomass. Also, data with real 
biogas will be important to see how the system functions when fed contaminants, how the strain 
functions long-term, and how well the system resists biomass escape and contamination from the 
influent stream/piping. 

• This project seeks to upgrade biogas to more valuable liquid products using genetic engineering and 
biocatalysis. This concept merging metabolic engineering of methanotrophic bacteria with catalysis to 
produce high-value liquid products instead of methane gas is very innovative The project management is 
appropriate with a good mix of disciplines. The general approach, goals, and challenges are clear, 
although risk mitigations are not discussed. The end target of greater than $0.25/GGE and greater than 
5% carbon yield increase seems like a relatively low bar to justify a new approach/technology. The 
impact of conversion of biogas to a variety of high-value liquid products is highly significant and fully 
consistent with BETO’s goals while improving the chance of economic viability. The achievements 
presented as this project reaches its end are very impressive, particularly the genetic engineering 
advancements demonstrated (though it would help if the genomic jargon/diagrams were avoided in favor 
of more accessible descriptions for a wider, though still technical, audience). The biocatalyst structure 
and microbe immobilization is novel, though it would have been interesting to see the rest of the reactor 
design that holds the solid scaffold, especially given the concerns about mass transfer. It is good to be 
aware of potential mass-transfer issues now, as this may be a challenge for successful scale-up. 
However, the biggest challenge to scale-up at the present time appears to be catalyst cost, the relatively 
short catalyst lifetime, and the inability of a mechanism for catalyst regeneration as in abiotic catalysts. 
Solutions will need to be developed for this project to realize its full potential. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their encouraging and constructive feedback. As highlighted by the review 

team, this project offers an innovative and disruptive route to biogas conversion via an integrated 
approach, encompassing biocatalyst and bioreactor engineering, in silico analyses, and TEAs. We feel 
this work specifically addresses BETO efforts to diversify its feedstock portfolio, while concurrently 
improving the economics and carbon intensity of waste conversion and biorefining. Additionally, as 
noted by the review team, the impact of conversion of biogas to a variety of high-value liquid products is 
highly significant and fully consistent with BETO’s goals, while improving the chances of economic 
viability. Our team is excited about the broad potential impact this work will have on BETO’s 
conversion platform, as well as the larger biogas industry and bioeconomy as a whole.  

The reviewers raise an excellent point regarding yield vs. separations: “lower yields with easy 
separations is the other side of the coin from high yields with difficult separations.” Notably, the 
proposed reactor design enables high-yield, in situ product separations via direct gas-to-liquid 
conversion. No further separations intensity (e.g., pH swing or distillation) is required to recover organic 
acids at bench scale; excreted products can be recovered via gravity flow, resulting in product with 
>90% purity and concentration suitable for direct catalytic upgrading. However, we expect separations at 
larger scale may require more intensive/active recovery efforts (e.g., intermittent reactor wash and/or 
product concentration). We are actively evaluating intermittent delivery of product recovery liquid in our 
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newly designed prototype reactor and will evaluate and incorporate this as a key parameter in future 
TEA (discussed further below).  

With regard to industry engagement, we agree with the reviewers’ assertion that formalized inclusion of 
industry partners, in an advisory and/or developmental capacity, would be of great value to future project 
pursuits. Following discussions with our project manager, BETO has expressed support to expand the 
project scope to include such industry onboarding in the next period of performance. To this end, we 
have identified and engaged industry partners eager to support development and/or pilot-scale 
deployment efforts; we will seek to finalize and formalize partnership(s) prior to initiation of FY 2022 
work.  

The reviewers accurately noted a series of potential hurdles related to biocatalyst deployment at scale. 
With regard to biocatalyst stability, our prior period of performance established our top-candidate 
biocatalysts as highly robust and substrate-tolerant; we successfully cultivated hosts on raw (untreated) 
anaerobic digestion biogas streams containing siloxanes and H2S concentrations exceeding 10,000 ppm, 
with no impact upon performance. Regarding biocatalyst lifetime, we have notably achieved continuous 
methane uptake with no decrease in rate for a minimum of 3 months. Additionally, we have not observed 
any biocatalyst fouling during these 3-month conversion trials at bench scale. However, we are in strong 
agreement with the reviewers that defining biocatalyst lifetime and incorporating biocatalyst 
regeneration (and/or disposal) requirements and metrics into TEA and LCA models will be essential to 
assess process viability at scale. Dedicated TEA will be a key component of our follow-on period of 
performance and will inform biocatalyst, materials, and reactor compatibility and optimization, as well 
as further defining waste disposal and additional product separations and upgrading requirements, if any. 
Notably, end period-of-performance metrics, including >$0.25/GGE cost reduction and >5% carbon 
yield increase in a conventional lignocellulosic refinery context, reflect the amount of input carbon 
diverted to waste processing via anaerobic digestion (~10%–20%). For example, a $0.25/GGE cost 
reduction reflects ~10% of the BETO target minimum fuel selling price (~$2.50/GGE), which is a 
substantial contribution from a bolt-on waste upgrading technology. We have successfully achieved 
productivity metrics to satisfy such TEA and LCA requirements. However, as noted in our presentation, 
there are over 2,000 operational AD units in the United States. Thus, we are also encouraged by the 
potential to deploy this technology in additional process configurations, such as direct interfacing with 
municipal wastewater treatment or agricultural AD units. The aforementioned TEA efforts will establish 
a baseline for such “stand-alone” biogas conversion configurations in the coming year. 
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SEPARATIONS IN SUPPORT OF ARRESTING ANAEROBIC DIGESTION 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
In support of BETO in converting organic waste 
feedstocks to fuels and chemicals, this project 
develops and demonstrates an advanced system for 
the production of platform carboxylic acids by 
arresting AD of wet-waste feedstocks. The project 
addresses three technology barriers in developing the 
bioeconomy: (1) feedstock availability and cost, (2) 
selective separation of organic acid species, and (3) 
first-of-a-kind technology development. This project 
has developed an advanced arrested AD system with separations that can operate in high-solids environments 
(>10 wt %) and is net positive in energy consumption compared to the energy content of the carboxylic acids. 
Operating an in situ product recovery system in high solids is required for fermentation-produced 
intermediates beyond ethanol that have volatilities less than water (e.g., carboxylic acids). Carboxylic acids 
form a versatile platform for the production of renewable diesel fuel, aviation fuel, monomers, and chemicals. 
A high-solids in situ product recovery system expands the feedstocks for arrested AD, which have been 
restricted to thin stillage, to solid food waste. Additionally, current arrested AD technology employs 
separations that consume >200x the energy content of the produced acids. This project has developed and 
demonstrated the first arrested AD technology with in situ product recovery that is net negative in energy value 
and operates in solids contents >10 wt % to produce a mixed carboxylic acid product that is carbon-negative.  

 

WBS: 2.3.2.107 

Presenter(s): Adam Bratis; Eric Karp; 
Michelle Nolker; Zia 
Abdullah; Courtney Payne 

Project Start Date: 10/01/2017 

Planned Project End Date: 09/30/2020 

Total DOE Funding: $750,000 
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Photo courtesy of NREL 

COMMENTS 
• Collaboration across many projects. Seem to prefer collaboration and communication predicated on 

proximity. Not bad, but may miss broader opportunities. On slide 11, the two y-axes sell the advances of 
the rotary ceramic disk short. What about the long-term stability of the membrane after many 
cleaning/wash cycles? Not quite clear on the comparison to base. They are generating substantially more 
and longer carboxylic acids. Certainly the higher purity is a good thing, but it is not an apples-to-apples 
comparison. Clearly focused on an AD system with dramatically decreased energy consumption. The 
rotary ceramic disk seems like a really big advance; not as certain about the other elements of this 
project. Unclear if any of the external collaborations generated any tangible impact upon this project. 
There were a lot of them, and many are with well-respected organizations. Project seems to have been 
managed well without any issue. Seems like the processes and people could work together well again if 
needed. Net-energy-positive separation is a major step forward, as it takes a common and large cost 
center and makes it into a savings opportunity. High solids loading rate is impressive. Seems like this 
project made advances in areas, but struggled as the parts came together. Think it will be critical to share 
the individual process advancements and collaborate to really magnify the impacts of some of the 
achievements. Should be able to present a clear matching up of original goals for the project and 
achievements. Left with the question of what is next for this work. Probably need to do some microbial 
analysis and optimization. 

• Strengths: Strong cross-collaboration with other lab research efforts (e.g., Los Alamos National 
Laboratory, PNNL). Clear value creation opportunity through carboxylic acids for intermediate fuel and 
chemical production. Opportunity for value creation on existing anaerobic digestors through transfer 
from low-value biogas to higher-valued carboxylic acids. Clear advancement of ceramic disk membranes 
in their application in carboxylic acid removal. 

Weaknesses: More clarity around the commercial operation of ash purging is required (e.g., how this will 
occur on a continuous basis). Difficult to understand the relationship between slower pump speed within 
the digestion to handle the solids content and the bioreactor flow rate CapEx requirements. More 
investigation into the flux decline and membrane recovery is needed. Important to understand this 
relationship with capital investment and operation performance at commercial scale. More experimental 
work required to determine bioreactor parameters for optimal chain elongation. 

• The project appears to be small and very clearly managed. It appears that the project has been completed, 
but it was not clear whether this overall area of research will be continued. The research appears to be 
early-stage. Technical difficulties regarding the high solids pumping and filtration with the rotating 
ceramic disk were very well managed. Results are promising, but it is not clear how stable the system is 
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or how well the microbial activity will scale. It seems worth continuing to pursue this research to 
determine whether the system can be operated for longer time periods with good performance, and also 
how well it scales. 

• This project has shown successful progress and very interesting results. As I look toward the potential of 
commercialization, I have some concerns, especially around process control at pH 5 and the uniformity 
of feedstock. Would like to see a discussion on pretreatment of feedstock and if particle size impacts 
rates or end products. Also would like to see a mass balance and a discussion on the fate of solids 
remaining after this process. All of these impact commercialization and acceptance. Would also like to 
see a discussion on the impact of any recycle streams to a WRRF and how they might impact nutrient 
removal or permit compliance. 

• This project is focused on developing the downstream components to an arrested AD system to separate 
and purify the target volatile fatty acid (VFA) product. Work on the upstream biological portion is 
performed by a different NREL team and was not reviewed in this Organic Waste session. Collaboration 
between the NREL groups is evident and a good part of the project management. The approach of 
engineering a separations system configuration that that can handle high solids loading and is energy-
efficient is straightforward but not obvious or easy. The presentation did an excellent job of explaining 
each step of the separations process developed. In particular, the use of the rotating ceramic disk as a 
filtration device appears to offer adequate VFA separation without plugging at low energy cost (by two 
orders of magnitude) and is scalable, which makes this a significant development and possible game 
changer. The fact that the project also demonstrated operation at high solids content and that the process 
is notably less complex than the current state of the art for separations is also a good achievement. The 
fact that the chain length of VFA products is smaller than that desired and achieved by the current state 
of the art is disappointing and calls into question the value of the complete process, though to be fair, 
chain length is a problem that needs to be addressed by the upstream arrested AD biology and is not the 
fault of the separations work being reviewed in this project. The performance of integrated runs is also 
an important result, although the scale is still smaller than is needed to assess potential commercial 
viability. Further, the true cost of the proposed process cannot be assessed until it is determined what 
additional upgrading is necessary for the separated VFAs to become final sellable products. 
Nevertheless, the proposed separations process represents an overall innovative and promising approach 
to purifying VFAs from a high-solids feed at a relatively low energy cost. 

PI RESPONSE TO REVIEWER COMMENTS 
• We appreciate the valuable feedback from the reviewers. This project developed a first-of-a-kind 

separations system that is cable of in situ extraction of acids in a high-solids environment. The scope of 
the last 3 years was to build, validate, and demonstrate the system on a real-world biological system with 
food waste as the feedstock. Future scope of the project would include a greater focus on the overall 
system mass balances, recycle streams, water footprint, and optimization of the biological process. 
Another key area for future work is understanding how the in situ extraction of acids affects the 
biological process and optimizing both of these processes to increase yield of the VFA product.  

The project has ended. However, we aim to continue this research with interested industrial partners in 
scale-up of the system through applicable funding opportunity announcements. Through such a project, a 
broader TEA, LCA, and time-on-stream study can be addressed. With process optimization and tackling 
multiple key process variables, including feeding and recirculation rates, in addition to the enrichment of 
VFA-producing bacteria rather than lactic acid bacteria (which are less tolerant to low pH), the system 
can be stable at pH values around 4.5 when operated in continuous mode. We also note there are 
multiple examples of two-stage anerobic digestion systems where the first unit (with major production of 
VFA) self-regulates at pH 4.5–5 without the need of external pH control.  
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The disk membrane was operated for 7 days continuously without the need for a cleaning cycle. The 
permeate rate was 4 mL/min, which processed the entire digester volume every 25 hours. Future work is 
needed for longer time-on-stream studies and investigation of cleaning cycles. In this integrated run, the 
flux was restored entirely with a 10-minute back flush with water. For longer time on stream, we 
anticipate the need for a chemical cleaning (~10 wt % NaOH) at some point. To address this, the system 
needs to be run for longer times and larger scales. We hope to address this in a future project. Lastly, 
note that the rotating ceramic disk was not compared head-to-head to traditional tangential flow filtration 
because tangential flow filtration has zero permeance above 7 wt % solids and could not be used in this 
application.  

External collaborators on the project were informal collaborations for waste feedstock supply, and 
activated sludge was used as initial microbial inoculum. By having access to regional waste streams, we 
were able to work with freshly collected material and avoid degradation due to shipping. 
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INTEGRATED BIOREFINERY FOR CHEMICAL AND FUEL PRODUCTION 
FROM WASTE BIOMASS 
Visolis 

PROJECT DESCRIPTION 
One promising technology to reduce and reuse 
organic waste, including food waste, agricultural 
residues, and municipal solid waste, is anaerobic 
digestion, whereby a community of microbes breaks 
down complex organic molecules into biogas. 
Biogas, however, is of limited value, which prevents 
anaerobic digestion from being widely deployed. 

Visolis aims to develop a novel hybrid process to rewire anaerobic digestion with arrested methanogenesis 
(ADAM) to produce a liquid intermediate instead of volatile biogas. The intermediate will then be used as a 
feedstock to upgrade to a range of high-value bioproducts and renewable fuels. 

The key technology that will be developed under the grant is a process to selectively concentrate the liquid 
intermediate from the ADAM effluent. This concentrated intermediate will then be used as feedstock for 
Visolis’ proprietary engineered microbes that will convert it into a platform molecule (PM1) at high titers. We 
will then catalytically upgrade PM1 into a variety of valuable chemicals, including polymers and second-
generation biofuels. 

We have been able to produce high titers of the liquid intermediate in the ADAM process and developed a 
process for filtering and clarifying the ADAM effluent, as well as optimizing the process for selective 
concentration of the intermediate from the ADAM effluent. We are close to hitting target titers for PM1 
production from the liquid intermediate. The major challenge in the second half of this project will be 
integrating all the different unit operations at the project site. 

 

WBS: 2.3.2.221 

Presenter(s): Deepak Dugar 

Project Start Date: 10/01/2018 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $1,999,333 
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COMMENTS 
• Scores reflect a poor level of candor about the spending of public funds from the U.S. Department of 

Energy. Wish the identity of PM1 was not hidden. Curious as to how the cumulative titer target is 
already exceeded. Graphs should have values on the axes. There is discussion of risks and the 
accompanying mitigation strategies. There is limited discussion about the team’s communication and 
collaboration. Visolis also appears to be playing this project very close to the chest, which will make 
communication much more difficult. Is Visolis situated on the University of California, Davis campus? 
Connection with Argonne? Resin-wafer electrodeionization optimization? The level of rigor presented 
on how these targets make a measurable impact on BETO’s targets and goals is lacking. What is the 
intended model to finance/operate commercial units? Team seems to be making progress, but it’s not 
clear against what baseline. There is a lot of switching between model and real streams in these slides. 
The goal of getting to a platform molecule is ideal, but it’s also important to get to a sufficient scale to 
enable logistics. Are these targets sufficient to get to the ultimate project goal? Limited information on 
this front. Do the projected costs take into account the logistics of the hub-and-spoke model? Level of 
rigor of this research as presented just not as high as the other work in this portfolio. Could either be 
choosing to withhold information, or could be lesser research. Presenter did seem knowledgeable, so it is 
probably the former. 

• Strengths: Partnership with University of California, Davis is valuable as it enables scaled digestion 
sludge from a two-step anaerobic digestion system being applied to the research work. If successful, a 
pathway from digestion to fuels/chemicals at regional wastewater treatment plants would bring 
significant impacts to these regions. Progression was demonstrated toward increasing PM1 titer through 
fermentation operation improvements and pre-clarification of ADAM feedstock. 

Weaknesses: There was minimal discussion about the partners within the project, how these partners 
participate, and how communication between them is managed for effective project execution. It was 
impossible to assess the approach and its merits because no detailed information was provided for the 
secondary aerobic digestion process to product PM1 or the separation needs for the creation of value-add 
fuels/products. Could not determine what the upgrading aerobic digestion process was actually doing. 
No information provided on the process parameters, the waste streams, the quality of the products, and 
whether they were of commercial value. There was no information as to what PM1 was. Did not know 
what suite of chemicals were being produced, how they would be separated, and what contaminants of 
concern were in this product stream. The CapEx impact was difficult to rectify. There was information 
that showed $25 million for a commercial plant, while another slide showed $2–$5 million. There were 
not units on any of the graphs, making it impossible to determine what progress had been made and 
whether the accomplishments were significant. 

• The presentation and state of the project are very hard to evaluate given the lack of details and lack of 
numbers provided. Figures lacked axis numbers and legends. Targets lack numbers. It was unclear what 
the targets were and why. It was unclear how this project/targets compared to other projects and current 
practice. The described approach is vague (“multiple samples,” “multiple approaches,” “multiple paths 
to success,” “industrial partners”). Overall, the project was very difficult to assess. It was unclear which 
waste streams are being targeted for the technology (type, quantities, options, etc.). Currently food waste 
is being used, but it is unclear what the plans are for testing other feedstocks or blended feedstocks. It is 
unclear how close to optimal the microbial feed produced via ADAM is. It is unclear how much more 
work is needed at this step. It seems that the clarification and concentration steps will be performed at 
the same site as the ADAM process; nevertheless, it was unclear where the waste streams from these 
processes will go, whether there were concerns regarding treatment of these streams, and what their 
chemical makeup was. More information on the planned scale-up of clarification and the feasibility of 
clarification and concentration at scale will be useful. 
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• The project has achieved some very interesting results, but I am unsure how this will be implemented at 
small communities. I would like to see a process flow diagram of what would be included in the small 
community process. Although a projected CapEx was discussed, there was no mention of the operating 
expenditures, which could be significant for a small community. In addition to CapEx and operating 
expenditures, there is the cost for transport of the microbial feed. Also concerned about disposal options 
for the remaining solids. Would like to see a mass balance and more details to support the cost savings 
for small communities. 

• The proposed process in this project uses ADAM of food waste to produce volatile fatty acids, which are 
then extracted, concentrated, converted via biological action to an unidentified key intermediate species, 
and then transformed via catalytic reactions to various high-value chemicals. From a top level, the 
general steps in the process and its objective of deriving high-value chemicals from ADAM of waste 
instead of low-value biogas are clear, and its impact, if successful, will be significant. However, 
insufficient information is provided to understand what specifically is being done in this project in order 
to assess its progress and viability. The project management is not adequately described—specific tasks 
and milestones are not identified, functions for the stated team members are not stated, and industrial 
partners and their roles and methods of communication are not identified. Little to no information is 
provided on the extraction, concentration, biological conversion to the unidentified platform molecule 1 
(PM1), and subsequent catalytic conversion steps. There is no clear identification of the cost or energy 
requirements of this fairly complex process to understand the context and significance of the little hard 
data that is provided. None of the claims mentioned in the summary, which are significant, are described 
or justified in the presentation, making it impossible to verify. The level of detail provided in this 
presentation is comparable to that of a marketing brochure, which is not sufficient for a technical project 
status update when trying to assess progress. It is understood that projects have proprietary aspects that 
need to be protected, but this must be balanced against the need to provide sufficient technical detail to 
understand the level and significance of accomplishment, especially when public funding is involved. 
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NOVEL AND VIABLE TECHNOLOGIES FOR CONVERTING WET 
ORGANIC WASTE STREAMS TO HIGHER-VALUE PRODUCTS 
Research Foundation for the State University of New York, University of Albany 

PROJECT DESCRIPTION 
The overarching goal of this project is to develop an 
integrated and efficient process for converting wet 
organic wastes to VFAs. To achieve this goal, we aim 
to accomplish seven different objectives: (1) 
identification of the optimal pretreatment method for 
each target waste stream; (2) determination of the 
best process parameters for arrested methanogenesis 
(AM); (3) evaluation of product yield and titer of VFAs from the waste streams separately through microbial 
electrosynthesis (MES) with CO2 capture and conversion; (4) developing an innovative membrane-based 
liquid-liquid extraction process for extracting VFAs and other organic acids out of the fermentation broth; (5) 
performing preliminary LCA and TEA for each process block and the overall process; (6) operating the 
integrated process continuously at a 5-liter scale for at least 3 months; and (7) operating the integrated process 
continuously at a 50-liter scale for at least 100 hours. TEA and LCA will be performed for this operation. 
Upon finishing all proposed objectives, we expect to have developed one of the first scalable, economically 
competitive, and environmentally sound processes for converting wet organic waste streams to high-value 
products. 

 

WBS: 2.3.2.226 

Presenter(s): Yanna Liang 

Project Start Date: 10/01/2019 

Planned Project End Date: 02/28/2023 

Total DOE Funding: $2,698,542 
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Photo courtesy of the Research Foundation for The State University of New York, University of Albany 

COMMENTS 
• Strengths: Good research partnerships within the project. Credible method of communication and 

collaboration. Novel application of food waste pretreatment (HTL, ultrasonication) before undertaking 
VFA production. Clear progress toward improved VFA production through ultrasonication pretreatment. 
Positive demonstration of microbial electrosynthesis pathway for CO2 to acetic acid.  

Weaknesses: The project could value from more active advisory from commercial or industry partners 
(e.g., support in validating economics, understand the market for VFAs and the purity required). 
Difficult to determine whether the significant increase in capital expenditure for this series of unit 
operations is recoverable through the increase in product value (i.e., does the TEA still suggest 
profitability to the commercial operator despite the significant increase in CapEx from the new unit 
operations?). Will need to determine the significance of the ultrasonication and electrosynthesis on the 
operation cost (primarily the electricity) to determine viability at scale. 

• The focus of this project is on various improvements to the pretreatment, production, and separation of 
VFA products from wet wastes via an AM process. Project management appears to be adequate. The 
overall task description and approach is clear and includes a description of the current state of the art for 
each task, which helps gauge the level of innovation. However, it is not entirely clear what VFA species 
are targeted for production, what the market is for each species, and whether these are the end products 
or just chemical intermediates that must be further processed once separated. The benefits of 
ultrasonication for food waste pretreatment are encouraging, though it is not clear what the specific 
innovation in AM itself is for meeting the stated target of >20-g/L VFAs. The use of MES for conversion 
of carbon dioxide produced during AM directly to VFAs instead of just methane is an important aspect 
and could be a significant advancement if successful. However, there is insufficient description of the 
MES process, including catalyst identity, specific microbes, and the energy cost to fully assess its value. 
The extraction step (CLEANS) similarly appears to be a unique and promising approach for VFA 
separation, but it is not clear how the extracted VFAs are further separated from the extractant to get to 
the final product and what happens to the remaining aqueous phase. The incorporation of tasks dedicated 
for demonstrating operation of the integrated process at two scale-up capacities (5 and 50 liters) are 
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important aspects of this project, but no specific details as to how and where this will be done were 
provided. If successful, the improved carbon conversion to value-enhanced chemicals (i.e., VFAs as 
opposed to biogas) in AM is consistent with BETO’s goals and could have significant impact. 

• The interrelationship between all of the goals, targets, and tasks was a bit difficult to suss out from 
reading the slides. Presenter did a good job of relating the different facets of the project to each other. 
Like the start and the overview of the project. Internal project communication is sufficient. Unclear on 
the degree of external communication both to other projects in the BETO program and beyond. The 
interfacing of the tasks focused on AM, VFA, MES, etc. isn’t quite clear. Are the outcomes of one task 
or the other influencing work in another? Just a lot of work that appears to be conducted in parallel to 
other work. Are the goals ambitious enough? VFA titer is met in untreated feedstock in double the time. 
Would be clearer to tie this number back to operational values to show that half the time equals a 
significant improvement. Goal here is to push toward showing that the project really is tackling the 
critical barriers to commercialization. Project has met all milestones to date, and seems to have navigated 
through the early stages without any issue. There does not appear to be any focus on commercialization 
or industry engagement in this project. It is tackling a tough issue if the goal is to adjust the output of AD 
units toward VFAs and other higher-value products. Might be able to borrow some of the TEA 
framework from other projects funded by DOE, instead of creating the element de novo. How resilient 
are the pretreatment results to the high variability of food waste? 

• The management plan is clear and well laid out. The approach is also clear. The project is ambitious, but 
is clearly laid out. The extraction method using emulsions is clever. Integration of the unit operations 
will be a challenge. The PI seems to have a dual focus on comparing AM and MES but also considering 
their incorporation in series. I think this is a good approach. The results are clear and promising. The 
various side streams and waste products should be considered and incorporated into the TEA/LCA. 

• There are positive results on this project; however, there are some weaknesses. There should be a more 
detailed discussion on the communication plan. The AM process will produce solids. I am concerned 
about the fate of digestate from the AM process. I would like to see a mass balance around the process. I 
suspect the digestate will have some organic content, and in addition may have PFAS, which may impact 
the LCA and disposal options. Need to identify any recycle streams to the WRRF and what the potential 
impact might be. 

PI RESPONSE TO REVIEWER COMMENTS 
• We very much appreciate the reviewers’ time and effort in providing critical evaluation and valuable 

feedback for this project. As discussed during the presentation, the whole team has been meeting 
monthly with the project manager over Zoom since the start of this project. In addition, meetings among 
team members have occurred frequently to enhance communication and ensure integration of different 
tasks. We are aware that not all organic content in the feedstocks will be converted to VFAs, and we are 
in the process of conducting a mass balance of organic carbon considering pretreatment and AM. We 
understand that sludge contains PFAS and these PFAS will be present in the residual digestate. Although 
PFAS are beyond what was proposed in the original proposal and are not included in the statement of 
project objectives, we have been actively testing different approaches to remove and destroy PFAS in the 
digestate after AM. PFAS in sludge and digestate, however, are not regulated by the U.S. Environmental 
Protection Agency at the time of writing. We will pay close attention to rules and regulations regarding 
PFAS and will update LCA and find suitable disposal options accordingly. Side streams and waste 
products from this project are residual digestate after AM and MES and raffinate from the separation 
unit. We will consider how to dispose each in a cost-effective and environmentally friendly way and will 
incorporate all of these into the TEA and LCA.  

Communication with BETO’s technology manager and project manager has been ongoing frequently 
through emails and monthly meetings. For budget period 2, the AM and MES tasks are parallel to each 
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other since each aims to maximize VFA titer and productivity from the same feedstocks, either untreated 
or treated. Entering budget period 3, we will integrate these two into one unit where the AM process 
could be conducted in the anode chamber of the MES. Or we may use digestate from AM as anolyte for 
MES. By doing so, we would achieve the highest VFA production rate from the target feedstocks and 
highest CO2 conversion to VFAs.  

We are aware that the TEA of AM has been funded and performed by DOE labs. We will surely borrow 
the established framework to speed up the TEA of this project. We agree that given the high variability 
of food waste, the pretreatment effect may be different. We are currently testing the effect of 
pretreatment on food waste sourced from different locations with different compositions. We strongly 
agree that an external advisory group will be beneficial for this project. We will assemble this group 
soon and get advice, suggestions, and recommendations from the members periodically.  

We are also aware of the cost associated with each unit operation. The TEA will reveal what will be the 
key cost drivers. Based upon outputs from the TEA, we may adjust the unit operations to ensure the 
economic viability of this project. As shown in the slides, we have been targeting short-chain fatty acids 
(C1–C5) from food waste and sludge. These VFAs are natural products from the target wastes. Once 
extracted from the fermentation broth, they can be used for producing sustainable aviation fuels and as 
intermediates for producing other chemicals and products. The market for each VFA will be analyzed in 
the TEA framework.  

We are deeply aware that BETO has funded several projects on AM. Results from AM as a part of this 
project will be compared to MES in terms of economic viability and life cycle impact. We agree that not 
much detail was provided for MES due to time constraint. We did mention during the presentation that 
the team has developed an effective nickel foam cathode for CO2 conversion via hybrid inward electron 
mechanisms and an enriched microbial consortium that produced acetic acid at high titer from CO2. All 
details are provided in our quarterly reports to DOE.  

Regarding VFAs in extractant, we will use a stripping solution to recover the extractant for reuse. The 
aqueous phase could be sent to the fermenter, but eventually, it will need to be disposed properly. The 
scale-up studies at 5 and 50 liters will be performed in budget period 3. At both scales, all unit operations 
will be integrated seamlessly and tested. These scale-ups will be conducted at the University at Albany 
or Argonne National Laboratory pending further discussions. 
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ADVANCED PRETREATMENT/ANAEROBIC DIGESTION 
Washington State University 

PROJECT DESCRIPTION 
A total of 13,226 wastewater treatment plants in the 
United States (88% of all plants) are small (less than 
5 dry tons of sludge per day). Conventional AD is in 
use at 1,233 of these wastewater plants, converting 
sludge from 53% of the total wastewater treated in 
the United States. Overall, only 40%–45% of the 
carbon in sewage sludge will be converted into 
biogas (approximately 60% methane/40% carbon dioxide), leaving 7.3 million ton/year of dry solids behind 
from conventional AD plants, which will need further disposal (land application, incineration, or landfilling). 
Our goal for this project is to improve the carbon conversion efficiency of sewage sludge during AD by at least 
65%, resulting in a total conversion of ~70% of sewage sludge. This should be compared to an average 
conversion of ~43% during conventional AD. The advanced pretreatment/AD process includes a pretreatment 
step (advanced wet oxidation/steam explosion [AWOEx]) between two AD steps, along with upgrading of the 
biogas/removal of CO2 with hydrogen into more methane. Producing renewable natural gas (RNG) will result 
in a higher-value energy product that can be supplied directly to the natural gas grid or used locally as a 
transportation fuel. This means that the advanced pretreatment/AD process is producing far more useful energy 
product due to both pretreatment and CO2 conversion, and will further have a lower carbon footprint through 
the sequestration of CO2 into more methane. 

Our main hypothesis is that a viable solution for validating sewage sludge even at small wastewater treatment 
facilities can be developed by adding AWOEx pretreatment to selectively handle the recalcitrant part of the 
raw material and by upgrading the biogas into methane, which can be added to the gas grid or used locally as a 
transportation fuel. 

 

WBS: 2.3.2.228 

Presenter(s): Birgitte Ahring 

Project Start Date: 10/01/2019 

Planned Project End Date: 01/31/2023 

Total DOE Funding: $1,983,341 
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Photo courtesy of Washington State University 

COMMENTS 
• Limited discussion on management and risk identification and mitigation strategies. Would like to see a 

mass and COD balance. Need to understand the disposal options for the biosolids and if PFAS will 
impact disposal options. Need to understand if there is any recycle stream to the WRRF and the potential 
impact. 

• Really early to judge this work. Seems to be on track at this early stage. While carbon conversion 
efficiency is critical, it is only a proxy (and useful) if it produces value for the utility. Would like to see 
more along those lines of thinking. Also recommend looking at making sure the process is operationally 
simple and robust. There were a couple of spelling and reference errors. Unfortunately without much 
work to judge, this is weighted more than it would be normally. None has an appreciable impact on 
comprehension. Great to see involvement of two utilities and a manufacturer of flocculants using real 
waste streams. Have done work characterizing and segmenting their market. Have identified risks and 
mitigation strategies. Have clear roles for team members. Commercialization appears weak at this stage; 
certainly room to improve and refine as the research progresses. Criticality of the 25 wt % solids? 
Central to economics calculations. Would it be beneficial to go beyond that percent solids? 
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• Strengths: Good cross-discipline partnerships, including strong relationship with Walla Walla treatment 
plant. Strong progress on wet oxidation for increased methane yield. Clear impact potential through 
value creation for existing wastewater treatment plants in adding AWOEx technology. 

Weaknesses: Minimal information provided on methods of communication and schedule of engagement. 
Confirmation of performance for methane yields will be required with aeration rather than H2O2 as 
project progresses. Relationship between increased capital cost and operating cost from AWOEx and the 
increased revenue from pipeline-quality natural gas was not clear. 

• The focus of this project is on improving the methane yield from the conventional AD process for 
sewage sludge by adding an oxidative treatment step for breakdown of recalcitrant components and 
converting carbon dioxide coproduct to methane. The project management is adequate, with a good 
choice of industrial partners; inclusion of a local wastewater treatment plant and company with plant 
operating experience in particular should help guide the project and improve chances of implementation 
of the proposed advanced pretreatment/AD technology. The overall approach and key innovations are 
clear, along with the description, conditions, and advantages of the AWOEx pretreatment technology. 
The associated milestones are also clear. However, the carbon dioxide conversion portion, which is an 
equally important part of the innovation, is not discussed at all. The pilot test task, which is presumed to 
involve integration and demonstration of the complete process, is also not described. The methane yield 
data and other results shown are encouraging given the recent effective start of the project. The oxidant 
in the AWOEx tests has a distinct impact on methane yield, though 9% hydrogen peroxide is a relatively 
high concentration, and it is not obvious how the use of pure oxygen (as intended going forward) will 
affect the results, especially if insufficient time was given for complete breakdown of peroxide before 
encountering the organic feed. Overall, while the objectives of this project are worthwhile and the 
intended bolt-on nature of the process should make it easier to apply to existing wastewater treatment 
plants, the advanced pretreatment/AD process appears to add a significant number of high-energy unit 
operations, high cost and quantity of consumables (pure oxygen and hydrogen), and complexity to the 
plant. It is not obvious that the associated increased capital and operating costs associated with advanced 
pretreatment/AD will justify the increase in relatively low-value biogas. This will need to be investigated 
early on by the TEA task to assess feasibility and cost drivers. The fact that the process goes from 
reducing conditions in the first digester to highly oxidative conditions in the AWOEx step back to 
reducing conditions in the second digester sounds like it could be problematic to control over long-term 
operations, especially in a biological system, and needs to be proven by testing the integrated process. 

• The management plan is clear and well thought out. The approach is very logical and stepwise. The 
impact seems like it has the potential to be great and to reach an often-overlooked community (small 
wastewater treatment plants). The project has the right partners in place to have a large impact. Slow 
start but solid results now. Clear results and progress being made. 

PI RESPONSE TO REVIEWER COMMENTS 
• We would like to thank the reviewers for their constructive input. The project is only few months into 

execution, but it seems like all reviewers have grasped the overall ideas behind the project and see the 
potential of the project.  

For the questions and weaknesses mentioned, I have these comments:  

• Reviewer 1: The 25% wt % solids goal was picked from previous experience with upscaling of the 
pretreatment technology. It will allow for pumping of the material after pretreatment with standard 
equipment, which can be difficult with higher dry matter material.  

• Reviewer 2: As described in the presentation, the project will use oxygen, and not H2O2 as used for the 
preliminary data presented. Results obtained after the DOE review meeting have shown that oxygen 
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provides the same extra biogas trend as seen with H2O2. The techno-economic work going on in the 
project will provide the relationship between the extra cost and increased revenue. Of importance will be 
the cost of input H2 and final use of the RNG.  

• Reviewer 3: The comment on management, risk, and mitigation is contrary to other reviewer comments 
(see my presentation on slides 6, 7, and 8). The mass balance for the documented base case is presented 
on slide 12, as well as the target mass balance for intermediate and final cases in progress. Thank you for 
the comment about PFAS and its impact on disposal options. We will discuss this with the Walla Walla 
wastewater treatment plant. The water stream after solid/liquid separation will return to the wastewater 
treatment plant (see slide 9). This is the same practice as done today for dewatering digested sewage 
sludge.  

• Reviewer 4: Thank you for the positive words. It is encouraging!  

• Reviewer 5: The presentation concentrated on overall project ideas and organization and initial results 
obtained during the short project period (WP 2 and WP 3). We have just started WP 5 on CO2 
conversion to methane with the construction of a new bioreactor (Gantt chart slide 14). Pilot testing (WP 
6) will not start before next year after intermediate review. As mentioned to Reviewer 2, we have 
recently found the same encouraging trend using oxygen instead of H2O2. We fully agree with the 
reviewer that TEA is an important instrument to guide us during the project period to assess feasibility 
and cost drivers. To ensure optimal coordination within WP 7 (TEA/LCA), we have recently set up extra 
biweekly meetings between PNNL, Clean-Vantage, and Washington State University. This is in addition 
to our monthly project meeting. Oxygen added during the AWOEx pretreatment is reacting 
instantaneously with the biomass in the reactor after injection. No oxygen can be measured in the off-gas 
from the reactor or dissolved in the pretreated material. As presented (slide 10), the AWOEx process has 
been in long-term operations at a large-scale biogas facility in Denmark, resulting in 30% more biogas 
with no inhibition of the AD process. 
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ELECTRO-ENHANCED CONVERSION OF WET WASTE TO PRODUCTS 
BEYOND METHANE 
Colorado State University 

PROJECT DESCRIPTION 
Wet organic waste presents problems in disposal cost 
and environmental impact and represents lost 
opportunities as inexpensive feedstocks to displace 
fossil-based products. AD, composting, and 
incineration strategies are limited by their CO2 
production (wasted C) and low-value/uncaptured 
methane production. Surplus renewable electricity 
could provide inexpensive electrons to enhance wet-waste processing and generate drop-in liquid 
transportation fuels. 

The goal of this project is to address the current limitations of wet-waste conversion by incorporating 
microbial electrosynthesis of VFAs from CO2, and elongating VFA chains to produce higher-value medium-
chain fatty acids (hexanoic acid and others) and medium-chain alcohols (iso-butanol and others). The enhanced 
AD process will achieve higher VFA yields through consortia optimization, process parameter engineering 
(microaeration, pH, and temperature), in situ VFA removal, and AD electro-enhancement. Waste CO2 from the 
digester will be upgraded using microbial fixation augmented by direct electron utilization to produce 
additional VFAs. In one approach to produce a higher-value product, the VFAs from both sources will be 
subjected to electro-enhanced microbial chain elongation, producing medium-chain fatty acids. A second 
approach will produce iso-butanol through microbial electrosynthesis from CO2 and acetate. Our concept 
combines established technologies, emerging concepts, and new ideas into a novel integrated waste conversion 
process for the production of high-value biofuels and bioproducts. The new technology will be developed at 
the bench scale and demonstrated in the GasCube, a pilot-scale two-stage anaerobic digester at the South 
Dakota School of Mines & Technology. The project will demonstrate more than 25% improvement in both the 
levelized cost of energy production and the net levelized cost of disposal. 

This multidisciplinary project is designed to achieve the project goal through four objectives: (1) enhance 
volatile fatty acids production in anaerobic digestion; (2) upgrade AD gaseous and liquid product streams; (3) 
evaluate and optimize the system to assess economic viability; and (4) integrate education with research. With 
a synergistic program of research and education, the project will help to educate the next generation of 
multidisciplinary researchers in innovative biological waste conversion solutions through partner organization 
activities involving university students, postdoctoral researchers, and the public. Funding from the Office of 
Energy Efficiency and Renewable Energy for this project will help develop this emerging wet-waste 
valorization technology, providing a more profitable alternative to biomethane from conventional anaerobic 
digestion.  

WBS: 2.3.4.605 

Presenter(s): Ken Reardon 

Project Start Date: 10/01/2019 

Planned Project End Date: 10/31/2025 

Total DOE Funding: $5,067,539 
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Photo courtesy of Colorado State University 

COMMENTS 
• Strengths: Sound method of communication between research partners (Colorado State University, 

University of California Irvine, NREL, and South Dakota School of Mines & Technology). Clear 
division of work and credible methods of data collaboration. Clear identification of commercial 
application of resulting products if research is successful. Demonstrates potential for significant regional 
and national impact (e.g., hexanoic acid to diesel precursor, isobutanol to gasoline blend). Strong merit 
in developing a process of CO2 and VFA upgrade to caproic acid. Valuable education outreach 
component of the project for industry advancement and attraction of workforce professionals. 
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Weaknesses: The project would benefit from additional industry partners for commercial feedback on 
the technology development. The project would have valued from all partners being contractually 
activated simultaneously. Less has been performed than expected due to contractional conflict, which is 
detrimental to the research efforts achievable. Will be important to have a clear understanding the 
electricity consumption across these projects and how this impacts the commercial viability of this 
operational platform. 

• The microbial electrosynthesis process has shown successful results. The electrodialysis process has not, 
and there was not discussion on the next steps involved with this process. Also would like to see more of 
a discussion on what impact pH and inoculum characteristics might have on the commercialization of 
this project. Additionally, I would like to see a mass balance and the proposed fate of the separated 
solids, including a discussion on potential of PFAS contamination. If there are any recycle streams to a 
WRRF, they should be identified and impact quantified. 

• The project is very early-stage. The management plan appears to be well thought out and very 
comprehensive. The project is off to a solid start. It will be interesting to see as the results come in how 
many of the initial processes are cut versus improved and incorporated. The education plan is exciting 
and could have a broad impact, serving as a model for how to move the field forward in this space more 
dramatically. The various side streams and waste products should be considered and incorporated into 
the TEA/LCA. 

• The research in this project is centered on exploring multiple potential pathways for both improving 
VFA production in arrested AD of waste and upgrading the VFAs to targeted final products. The 
management structure is adequate, though there is not a lot of discussion on specific risks and mitigation 
options for the pathways being investigated. The approach is clear, and the potential pathways being 
considered all appear to have significant potential, particularly those that will extend carbon chain 
lengths. The final target products of hexanoic acid (medium-chain fatty acid) and isobutanol (higher 
alcohol) are clearly identified and are relatively high-value chemicals compared to VFAs and biogas. 
However, there is a concern that too much is being attempted at once, with the risk being that they learn 
a little bit about everything rather than focusing funding resources on the one or two pathways 
considered most promising to maximize development. BETO will need to closely monitor progress, and 
a decision framework should be established to identify when and if either a clear leader among the 
various pathways emerges or it becomes evident that one will not be viable so as to redirect the 
maximum available resources to the most promising options. The proposed process involves multiple 
electrochemical steps, but there was no discussion on the anticipated energy demand or source of 
electricity, which could play a large role in determining commercial viability. Energy requirements 
should be assessed as early as possible both experimentally and within the TEA work. Task 1 results to 
date are interesting, although nothing was reported on two of the four options for arrested AD 
improvement in which the schedule indicates work was performed. Task 2 results and milestones are 
clearly presented, though no information was provided on bioconversion to alcohol work that the 
schedule indicates should have been started. The TEA work in Task 3 appears to be off to a good start, 
though the expected rate of MFSP improvement over the course of the project appears to be aggressive. 
By converting more carbon to more high-value chemical products than in conventional AD, this project 
is consistent with BETO’s goals and could have a substantial impact if successful. 

• Very deliberate presentation of how the team is working together within tasks. Project is only really 
beginning, so a bit difficult to grade/rate this project. Was NREL doing any work? How much work was 
done at-risk? Trying to be fair to a project that was substantially impacted by COVID-19. Error bars in 
some of the charts, or was it only one test? Still very early in the project. Seem to have presented well 
the various dimensions and metrics for this project, which should give an accurate accounting of 
progress once time/conditions allow for work to be done. A fair bit of work on training 
students/researchers, seems a bit more National Science Foundation/Office of Science-y. While not 
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avoiding this activity, it may need to be reduced in favor of communication with the general public and 
the end market. Need to change the perception from waste as cost to waste as opportunity. May want to 
coordinate with NREL project 2.1.0.112 focused on technical assistance. Approach has a lot of 
pathways, and the team will need to be diligent in its downselect processes to make the best use of 
limited resources. Have created a preliminary tornado chart to show how different improvements impact 
the final sale price. Will be critical to show that the chosen limits are achievable by research and not just 
arbitrary metrics. Is the metric of −25% levelized cost of energy relevant to the market? Would be good 
to reconfirm to relate back to BETO’s goals. BETO’s overarching goal is to get technologies into the 
marketplace that valorize waste in large scales. This work is showing what is technically possible, but 
it’s important to not lose sight of what is economically possible. There is significant potential for 
innovation and development in the research. I feel the scores on impact and progress are best judged as 
incompletes. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their thoughtful comments and suggestions, and for making the effort to 

evaluate a project on which about 20% of the team has been funded for a year and the remainder for only 
about 3 months at the time of the presentation. The team is now making rapid progress. The project is 
also unusual in that the education and outreach component was specifically required by the funding 
opportunity announcement. We view this aspect as an important and high-impact contribution of the 
project, and it was rewarding to learn that two reviewers agree about this. Regarding the electrodialysis 
work, the progress has been good, and we view this as an important contributor to the overall 
technology. The TEA and LCA component of this project is tightly integrated with the experimental 
tasks, and the early model outputs have identified targets for the other tasks to achieve. All of the metrics 
used in the project are reflective of BETO’s goals as specified in the funding opportunity announcement. 
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BIOMETHANATION TO UPGRADE BIOGAS TO PIPELINE-GRADE 
METHANE 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
We are developing and de-risking a biomethanation 
process capable of megawatt-scale deployment that 
upgrades biogas waste streams to produce pipeline-
quality RNG. Biomethanation is a two-step process 
using a methanogenic microorganism to convert 
renewable hydrogen (H2) and waste CO2 to 
renewable methane (CH4)—the primary component 
in natural gas. Using biogenic CO2 from biogas 
sources like dairies, wastewater treatment plants, and 
landfills allows production of this drop-in direct replacement fuel to participate in the growing number of 
carbon markets, like California’s Low Carbon Fuel Standard and the federal Renewable Fuel Standard. The 
end-of-project goal is to demonstrate pipeline-quality RNG production (>95% CH4, <4% H2, <1% CO2, <0.2% 
O2, and <4-ppm hydrogen sulfide) using real biogas feedstocks. We will accomplish this goal by designing and 
building a pressurized (18-bar) mobile lab-scale (20-L) bioreactor research platform, including integrated 
electrolyzer system, based on lessons learned from operating the 700-L pilot system from Southern California 
Gas Company. In collaboration with Electrochaea, natural gas utilities, and Argonne National Lab, NREL will 
provide data to establish a preliminary range of carbon intensity to help accelerate the deployment of utility-
scale H2 production and qualify the biomethanation pathway process for RNG production from biogas sources.  

 

WBS: 5.1.3.102 

Presenter(s): Adam Bratis; Kevin 
Harrison; Zia Abdullah; 
Courtney Payne; Jessica 
Krupa 

Project Start Date: 10/01/2018 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $1,500,000 
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Photo courtesy of NREL 

COMMENTS 
• Clear eye to commercialization and field deployment of the system. Project has a strong and motivated 

industry partner in SoCalGas. Have a track record of working with this organization. SoCalGas is 
licensing the underlying intellectual property; clear pathway out of the lab and into practice. What does 
success look like in the field deployments of the pilot unit? Should NREL define success? Should the 
commercial partner define success? Am I missing something in pricing natural gas? Is $14 per million 
Btu worthwhile (read: commercially viable)? Significant regulatory credits are available. No Gantt chart 
or milestone chart was presented. Seems a bulk of the FY 2020 work was getting the mobile lab facility 
constructed. Was progress made on Task 1 about utility studies? The project appears quite worthwhile in 
a goal of producing RNG. Presenters were very helpful and responsive to the questions. Preliminary 
work on the 700-L unit seems very promising for load-following operations. What about real 
deployment and storage on site if the unit is not in operation? Great approach to reduce the size of RNG 
production and site the research equipment nearby to biogas production. Both the electrolyzer and the 
bioreactor can do load following. Better documenting the economic window in which this thing should 
operate, as well as the time regimes in which it works. May impinge on the aforementioned regulatory 
credits, which is necessary to make this make economic sense. Will be good for proof of concept. Needs 
to do better modeling to document performance at real-world scale. Highly resistant to other organisms 
invading because of its operational conditions. Organism is quite resilient. Electrochaea’s strain is quite 
amazing. 

• Good management plan. Data obtained to date look promising. Not sure how the archaea are retained in 
the process. Would like to see a discussion on organism retention, replacement, or sensitivity to changing 
conditions. 

• Strengths: Good research and industry collaborations. Strong value-add partnership in SoCalGas. Clear 
value creation in upgrading biogas sources to pipeline-quality natural gas by leveraging abundant 
renewable energy and fermentation advancements. Clear demonstration of the technology’s value 
creation to regional treatment facilities through regional case studies (e.g., Maine). Project on track to 
perform off-site technology demonstrations with custom trailer control room. 
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Weaknesses: Was difficult to determine the performance and challenges of the bioreactor activities due 
to lack of information in the presentation. More information on the impact of pressurized operation on 
the process economics and operational safety would have been valuable. Economics appear to be heavily 
dependent on cost of electricity. Would be valuable to identify near-term and long-term geographies 
these electricity prices will be attainable. 

• The project management appears to be good with a strong team, solid expertise, and real input from 
utilities/industries in place. The presentation was very unclear, with progress and outcomes from other 
earlier projects described. The process itself was unclear. It seems that the main goal of this project is to 
both scale up and simultaneously scale down two existing systems. That seems to be moving forward. It 
will be important to see how contaminants in the gas affect the process and how well it functions at a 
larger scale at real sites. This looks very promising. The potential to use this kind of a system at landfills 
is also very exciting, but presents significant challenges regarding contaminants. 

• This project intends to upgrade biogas to renewable natural gas through bioconversion of carbon dioxide 
to methane using hydrogen generated by electrolysis. Project management appears to be acceptable with 
smart inclusion of key industrial partners such as Electrochaea that should be able to help guide 
development, and SoCalGas that can enable implementation of the mobile version of the process by 
providing biogas sources. The proposed process, project approach, and tasks are clear from a top level, 
but the specific pathway to define success for each task along with task milestones are not obvious. For 
example, what exactly will be studied with respect to bioreactor gas mixing and microbe productivity in 
Task 2, and what needs to be improved? This project is unusual in that the reactor needs to be scaled 
down rather than up. It is also unusual that the two biggest stated cost drivers have to do with the 
electrolyzer, which does not appear to be part of the development work in this study. It should further be 
noted that based on the importance of electricity cost and the power that electrolysis typically requires, 
the process is unlikely to be viable without a dependable source of renewable energy. It seems like there 
should at least be an intermediate step where integrated operation can be verified technically and 
economically before moving to the field. Nevertheless, the deployment of a mobile system that can be 
taken to different biogas sources and tested is an important and innovative part of this project and an 
excellent idea to bring the technology directly to potential end users. Project results to date are 
interesting, but experimental data are limited due to the need to design and build the scaled-down 
bioreactor. A slide or two on specific future work would have been beneficial to understand how tasks 2, 
3, and 4 will be implemented. If successful, the ability to reliably upgrade biogas to renewable natural 
gas using renewable hydrogen would have a significant impact on reducing carbon emissions and 
effectively improving digester yields. 
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PI RESPONSE TO REVIEWER COMMENTS 
• A couple reviewers were unclear as to why we are scaling down while also pursuing scale-up for a 

demonstration facility. The 700-L (nominal working volume) bioreactor from SoCalGas was designed 
for pilot-scale operations at NREL with an electrolyzer having an electrical capacity in the range of 125 
kW, which was the electrolyzer capacity that NREL was operating in 2014 (today it’s 750 kW, with 
capability to 1 MW). Having about 250 gallons of culture (total) in the bioreactor vessel and balance of 
plant (e.g., pump, heat exchanger, piping) does not provide staff the flexibility to easily design and fund 
system modifications needed for research aimed at improving reactor design, reducing capital and 
operating cost, and gas mixing trials needed to increase hydrogen mass transfer. The scaled-down 20-L 
system provides a flexible mobile research platform that is more manageable for the types of trials 
needed to conduct advanced R&D in this two-step process: electrolysis plus biomethanation of waste to 
RNG. The end-of-project goal for this biopower project is upgrade real biogas to pipeline-quality RNG. 
The team considered bringing large quantities of compressed biogas from different sources to NREL, but 
decided a smaller, flexible research platform (that could also travel to actual biogas sources) was the 
more effective solution. The complementary electrolyzer/bioreactor integration project (WBS 2.3.2.700, 
CRD-19-00809) will also use this scaled-down platform to reduce to practice intellectual property 
developed at NREL and being licensed by SoCalGas. The ability to modify the smaller (18-kW) 
electrolyzer and 20-L bioreactor will provide a manageable platform for this work. This project is co-
funded between BETO, SoCalGas, and the Hydrogen and Fuel Cell Technologies Office. 
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MODULAR MICROBIAL ELECTROMETHANOGENESIS FLOW REACTOR 
FOR BIOGAS UPGRADING 
Lawrence Livermore National Laboratory 

PROJECT DESCRIPTION 
The majority of the cost of biogas production is the 
removal of inerts (such as CO2) and contaminants 
(H2S, siloxanes). This cost is particularly prohibitive 
for small-scale biogas producers (e.g., dairy farms 
and feedlots), which collectively make up the 
majority of biogas potential. Technologies that 
remove CO2 either vent it, contributing to greenhouse 
gas emissions, or must find an economical use for the 
gas, which is particularly difficult for small-scale producers. A more carbon-efficient approach is to convert 
the CO2 to methane in order to upgrade the gas to pipeline quality, rather than simply removing the CO2. 
Methanation has the potential to be significantly more energy-efficient and less capital-intensive than CO2-CH4 
separation, while virtually eliminating CO2 emissions. Methanogenic microbes can utilize electrical energy to 
methanate CO2 with high energy efficiency and selectivity. Additionally, this “electromethanogenesis” 
provides a pathway for storing electrical energy in chemical bonds for long-term storage of renewable 
electricity. 

To unlock the potential of microbial electromethanogenesis for biogas upgrading and energy storage, 
Lawrence Livermore National Laboratory has partnered with Stanford University and SoCalGas, a major 
natural gas distributor, to develop a proof-of-concept reactor that upgrades biogas to pipeline-quality 
biomethane. To increase the maturity of the technology, the team will measure the effects of biogas 
composition and electrochemical reactor conditions on the productivity of electromethanogenic consortia, 
isolating strains that have high cell density under operation. Additionally, the team will use advanced 
manufacturing to generate high-surface-area electrode materials that reduce energy consumption, increase 
volumetric productivity, and have scalable surface area. The team targets a process energy efficiency of 30 
g/kWh, based upon a techno-economic assessment performed by SoCalGas, while producing pure biomethane. 
The team will also determine the overall process parameters necessary to generate biomethane at this target 
energy efficiency including contaminant tolerances, biogas purity, and associated pre- and post-treatment 
requirements. These parameters will be used to conduct a techno-economic assessment of the technology for 
biogas upgrading and power-to-gas applications, paving the way for larger-scale demonstrations. 

WBS: 5.1.3.104 

Presenter(s): Rhona Stuart; Sarah Baker; 
Dan Flowers 

Project Start Date: 10/01/2018 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $800,000 



2021 PROJECT PEER REVIEW 

 

998 ORGANIC WASTES 

 

 

Photo courtesy of Lawrence Livermore National Laboratory 
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COMMENTS 
• Could aluminum electrodes be used? Would reduce system weight. Is the test being run on biogas or 

pure CO2 streams? Confirming resistance to impurities is going to be critical. Would this work for any 
CO2 stream biogenic or non-biogenic? Stability to sulfur oxides and nitrogen oxides in feedstock CO2 
stream? This seems very exciting if it could potentially address energy storage problems associated with 
renewable energy by converting it into methane fuel. Clearly related to the goals of BETO. Team at 
Lawrence Livermore National Lab and Stanford appear to be communicating frequently and building off 
of each other’s work. Overarching management of the project seemed a bit weak. Team appears to have 
made substantial progress along its milestones, and appears on track to hit its goals by June 2021. Good 
that an industry partner is engaged. Are they interested in commercializing? Would another entity be 
responsible for the technology operation? Assuming that the indicated purity goals meet the real rules on 
pipeline quality. I think there may already be appropriate (albeit limited) market conditions where 
something like this might already make sense. Could this be used to modify an existing natural gas 
power plant to turn it into an energy storage facility? Team has made substantial progress. Do any risk 
mitigation strategies need to be executed upon? At this point less looking for future strategies, but 
looking more to see what had to be executed upon. May want to get in touch with someone in the Office 
of Electricity. Lots of work on modeling the economics of energy storage. Q: How long is the ramp-up 
period to get to steady-state operation? A: ~30 days. What is causing the aberrations of gas output? 

• Good management plan and project organization. Good progress toward milestones. Results to date 
show successes. In a typical AD process, a portion of the biogas is used to heat the incoming 
sludge/digester. Also, the cathode is operated at a higher-than-ambient temperature. Would like to see a 
discussion as to whether the uses of the biogas for heating impacts the economics of this process. Not 
sure how growth of the organisms and decay is managed. Also more discussion on surface area required 
at full-scale operation. 

• Strengths: Effective methods of communication and collaboration were demonstrated between the 
research partners; strong value-add industrial partner in SoCalGas. Has valuable industry potential 
through electrolysis addition to existing digestors for pipeline-quality methane production. Novel 
advancement of cathode structure through 3D-printed matrix for advancement in surface area. 
Significant advancements have been made toward converting CO2 into methane and demonstrating 
pipeline-grade methane concentrations under sustained operations. 

Weaknesses: It would have been valuable to discuss the challenges of scaling up the cathode and review 
what performance parameters may be impacted at larger scale (e.g., impacts on CO2 conversion from 
operational changes or after prolonged operations). Additional industry partnerships for advice on 
challenges and limitations to commercializing microbial electrosynthesis would add value to this project. 
Was difficult to determine whether contamination of the microbial electrosynthesis culture would occur 
over time and how this would impact the product output. 

• The focus of this project is on biogas upgrading using electromethanogenesis in a uniquely designed, 
single-stage reactor. The combination of an electrolysis unit for hydrogen production within a bioreactor 
vessel is highly innovative and a notable improvement over existing technology. The project has 
required good cooperation between biologists and electrode materials specialists to achieve the results 
presented. A discussion of risks that were overcome and challenges remaining would have been helpful 
to better understand current status. Specific tasks were not specified and the approach only presented 
from a top level, but the goals were nevertheless straightforward and clear. The results are impressive 
and the team appears to be on track to meet its milestones. A good description of the microbe choice and 
electrode design was provided. The methane concentrations achieved and long-term performance also 
appear to be good. On the downside, there was no discussion on the energy cost during operation, the 
reactor cost, or how easy it is to fabricate and operate the reactor and electrodes. The challenge will be in 
scaling up the design and making sure that reactions are not mass-transfer-limited with respect to 
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hydrogen. In the remaining time for this project, it will be important to demonstrate equal performance 
with representative contaminants including siloxanes. Future work should also consider testing on power 
plant flue gas with sulfur oxide and nitrogen oxide contaminants, which could significantly expand the 
market for this technology if successful. The overall impact of this project is substantial, meets BETO’s 
objectives, and appears to be a notable improvement over the current state of the art for biogas 
upgrading, but the ultimate scaled-up design must be proven to be economical and will likely require 
renewable electrical energy to be viable. 

• The management appears to be very good. The project is early stage, in terms of development, and 
almost complete. The results are solid, but it is not clear what the end impact will be given the early 
stage, small scale, and the lack of data with real biogas. The work on the cathode and reactor should be 
transferrable to other projects. Overall nice job. 

PI RESPONSE TO REVIEWER COMMENTS 
• Thank you for your time and constructive reviews. We will test on simulated biogas containing H2S. 

Definitely important to also test on raw biogas in the next stage of development. We agree, we are really 
interested in understanding techno-economic targets for energy storage, not just renewable gas 
production. We agree that scale-up while maintaining performance is a risk—in particular scaling to 
maintain mixing and transport across the membrane and cathode surface area. Additive manufacturing 
has been beneficial for us to rapidly prototype modular designs, but for full-scale reactors, we will need 
to adapt the designs for manufacturability. 
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PRODUCTION OF METHANE FROM ORGANIC WASTE STREAMS WITH 
NOVEL BIOFILM-ENHANCED ANAEROBIC MEMBRANE BIOREACTORS 
Argonne National Laboratory 

PROJECT DESCRIPTION 
We have been developing an innovative, scalable 
anaerobic membrane biotechnology that converts 
organic waste streams into renewable methane using 
a two-stage novel anaerobic membrane bioreactor 
(AnMBR) system. The research is motivated by the 
high volume of wet organic waste streams generated 
in the United States and has the potential to harness 
the associated energy. For example, estimates of 
yearly MSW generation in the United States vary from 254 to 347 million tonnes, of which 55% consists of 
food, paper, and yard waste. As AD converts organics into renewable methane, it is an ideal option for small, 
decentralized communities or industries to locally treat their wastes and produce biopower; AD capacity will 
likely increase in coming years. However, due to the economy of scale, biopower production for small scales 
currently is not economically feasible in the United States. Our ultimate aim is to develop a sustainable process 
that diverts organic fraction of MSW from landfills and incineration while generating renewable energy and 
capturing nutrients to meet the demands of organic waste generators and hauling companies. 

The objective of this project is to improve the techno-economic viability of biopower production by 
developing a sustainable two-stage AnMBR system that diverts the organic fraction of MSW from landfills 
and incineration while generating methane and renewable bioproducts. To achieve this goal, the project entails 
five tasks: (1) develop a flexible feedstock-blending plan for the urban organic waste streams produced by a 
typical U.S. city that meets treatment requirements and maximizes energy recovery; (2) develop a first-stage 
AnMBR inspired by the stomach physiology of ruminants that enhances hydrolysis and acidogenesis to 
maximize VFA production; (3) develop a second-stage AnMBR that exploits biofilm growth to enhance 
methanogenesis and maximize the conversion of VFAs to methane; (4) perform process simulation and 
analysis to model full-scale performance of new AnMBR technology, and (5) conduct TEA and LCA using the 
newly developed performance model to assess economic and environmental viability of our novel technology 
and further facilitate its implementation at the full scale. 

WBS: 5.1.3.105 

Presenter(s): Meltem Urgun-Demirtas; 
Troy Hawkins 

Project Start Date: 10/01/2018 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $1,500,000 
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Photo courtesy of Argonne National Laboratory 

COMMENTS 
• Management plan is identified and seems to be adequate. Risks and risk mitigation strategies were not 

identified. Would like to see a material balance on this process, solids, COD, and nitrogen species. 
Concerns include the quantity of rumen solids produced and the projected disposal. They have achieved 
significant COD reduction, but would like the volatile solids reduction rate also quantified. Also concern 
about the long-term efficiency of the MagnaTree; my understanding is that it relies on conversion in the 
biofilm. With time, the biofilm thickness will increase, and that might reduce conversion rates. Would 
like to see a mass balance and a discussion on disposal options/issues associated with the two waste 
sludges. Also a discussion on any recycle streams to the WRRF and potential impact. 
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• Project seems well positioned to high the target methane yield, having most recently achieved a value of 
about 90% of the final target value. Team seems to have a good track record through the project of 
working together. Regular meetings have engaged industry partners. Have there been any specific or 
tangible contributions they have provided to the team? Risk plan is minimal, although this project is 
substantially advanced. Perhaps instead look a bit more retrospectively about how risk mitigation 
strategies were put into action? Have done outreach at industry and academic functions. One of the 
industry partners seems interested in commercializing, but still very early in its commercialization 
journey. LCA/TEA slides became a bit of an eye test to understand. Call out key findings. Outcomes 
become more important over process as you look to transition out of an academic setting. Team appeared 
to have a strong technical approach to the problems of this project. It is good that they have opened up 
some of their modeling work to be accessible to others via GitHub. Still a bit difficult to understand the 
broader impact of the metrics that the team hit (as noted in one of the previous comments). The team did 
address the motivation piece. Optimization of two unit operations in separate reactors is ideal, but does 
come with concomitant increase in CapEx. Q: What is the pathway from here/the endpoint? A: Looking 
at larger scales. May want to pause and do some modeling to show economic feasibility at larger scales 
and sensitivity to some of the critical factors. Process is not inherently responsive to feedstock 
variability. Able to modify process, but would need sensors to characterize the feedstock, or would need 
greater control of the feed. 

• Strengths: Good research management plan between Argonne National Laboratory and University of 
Michigan. Have value-add relationships with Gray Brothers, RAE, and MWRD. Significant reduction in 
global warming potential if project is successful. Strong impact potential from the project if successful 
due to enhancing methane production in anaerobic digestion through in situ membrane addition. The 
ability to work with feedstock flexibility will be highly relevant when the technology is applied to 
regional digestions platforms. 

Weaknesses: The project would value from partnerships with commercialization/scale-up partners. It 
was difficult to understand whether the increased capital cost for the membrane system and/or the 
increased electricity consumption would still enable the technology platform to be commercially viable. 
The digestion work is currently operational in batch mode. There are signification operating challenges 
that arise when transitioning from batch to continuous operation. The project will value from 
transitioning to continuous operation as soon as possible. The project would value from running a control 
reactor in parallel in order to baseline the digestion outcomes. 

• The focus of this project is to explore various improvements to the AD process with wet-waste feedstock 
for increasing methane yield using a novel two-phase AnMBR. The project management appears to be 
adequate, though there is not much discussion of specific risks and mitigations associated with the 
project. The approach is clear and well organized. The presentation of the main achievement of higher 
methane yield relative to contemporary studies, along with a relatively higher load rate and shorter 
retention time, is clear and a significant achievement. However, it is unclear how the additional claim of 
a twofold reduction in AD footprint was achieved. The use of microbes from the bovine rumen for 
improving initial AD reactions seems incredibly simple yet innovative and effective based on the results 
presented (almost begging the question of why this wasn’t thought of sooner). Likewise, the relatively 
simple increase in pore size in the second-stage membrane reactor that allows less expensive membrane 
material and less frequent fouling appears to be a notable accomplishment. It is not clear, however, if the 
integrated process has ever been tested, which is critical to assessing the potential commercial viability. 
Also, other than stating that the pilot-scale experiments started in February 2021, there was no further 
information provided about these tests, their objectives, and whether there is sufficient time left in the 
project (slated to end in September 2021) to achieve meaningful results. Model improvements are 
encouraging and a welcome sight to see that it has entered the public domain. The project impact is 
moderate; while it improves existing AD technology and the focus on small-scale applications is 
important, the end product of biogas is still a relatively low-value product. 
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PI RESPONSE TO REVIEWER COMMENTS 
• The project team would like to sincerely thank the reviewers, who took time and effort to provide us 

with constructive comments and valuable feedback for this project. We have addressed their comments, 
and below are itemized responses to each of the weakness queries of the reviewers.  

• Reviewer #1 Comments: “The project would value from partnerships with commercialization/scale-up 
partners.” The project team has already reached out to industry to scale up the process. For example, we 
have been partnering with Carollo Engineers Inc., InCTRL Solutions Inc., Great Lakes Water Authority, 
and Metropolitan Water Reclamation District of Greater Chicago in a recent BETO-funded project to 
scale up the process. The project team has been also partnered with Brown & Coldwell in response to 
recent funding opportunities from the Advanced Research Projects Agency–Energy and BETO.  

“It was difficult to understand whether the increased capital cost for the membrane system and/or the 
increased electricity consumption would still enable the technology platform to be commercially viable. 
The digestion work is currently being operational in batch mode. There are signification operating 
challenges that arise when transitioning from batch to continuous operation. The project will value from 
transitioning to continuous operation as soon as possible. The project would value from running a control 
reactor in parallel in order to baseline the digestion outcomes.” The project team respectfully disagrees 
with the reviewer’s comment. Slide 14 includes the results from the long-term continuous operation of 
the MagnaTree reactor at bench scale, which achieved a high methane yield (average 0.55-L/g volatile 
solids compared to literature data of 0.4-L/g volatile solids) and a high COD removal rate (average 84% 
COD removal). Since there are abundant data available on stand-alone food waste digesters used for 
biogas production at field scale, we have been comparing our results with the available literature data as 
control.  

• Reviewer # 2 Comments: “Have there been any specific or tangible contributions they have provided to 
the team?” Yes, InCTRL Solutions Inc. helped us conduct techno-economic analysis. Both MWRD and 
InCTRL helped us in designing scale-up studies to be conducted in a newly funded project.  

“Risk plan is minimal, although this project is substantially advanced. Perhaps instead look a bit more 
retrospectively about how risk mitigation strategies were put into action?” Since food waste consists of 
food items with highly varying digestibility, clogging of the supporting mesh of the dynamic membrane 
by the recalcitrant materials in food waste, such as lignin at a high through-membrane flux was a risk. To 
overcome this risk, we increased membrane surface area to decrease the through-membrane flux, 
therefore reducing the risk of clogging. Instead of running two-phase reactors together, we run individual 
reactors. This operation plan helped us identify risk points, improve reactor design, and determine the 
optimal operating conditions. In current integrated operation, the potential risk is that the second stage 
relies on the effluent from the first-stage reactor. Although the first-stage reactor is more resilient than 
the second-stage reactor, should a system failure occur in the first stage, the second-stage reactor will not 
be receiving the appropriate feed to which it has acclimated. To overcome this risk, we have been storing 
excessive first-stage effluent as the emergency feed to the second-stage reactor.  

“Have done outreach at industry and academic functions. One of the industry partners seems interested 
in commercializing, but still very early in its commercialization journey.” The project team has already 
reached out to the industry to scale up the process. For example, we have been partnering with Carollo 
Engineers Inc., InCTRL Solutions Inc., Great Lakes Water Authority, Metropolitan Water Reclamation 
District of Greater Chicago, and universities in North America (University of Toronto, Universidad 
Nacional Autónoma de Mexico Tecnológico de Monterrey) in a recent BETO-funded project to scale up 
the process. The project team has also partnered with Brown & Coldwell in response to recent funding 
opportunities from the Advanced Research Projects Agency–Energy and BETO. The project team has 
been publishing and presenting the outcomes of the project in journals and conferences, respectively. We 
are currently working with the external collaborators from Lund University, who are also the original 
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developers of the Anaerobic Digestion Model No. 1 (ADM1) model. We will publish our version of the 
model along with other versions of the model listed in the GitHub repo. Publishing our model at the 
wwtmodels repo should significantly increase the visibility of our model.  

“LCA/TEA slides became a bit of an eye test to understand. Call out key findings. Outcomes become 
more important over process as you look to transition out of an academic setting. Team appeared to have 
a strong technical approach to the problems of this project. It is good that they have opened up some of 
their modeling work to be accessible to others via GitHub. Still a bit difficult to understand the broader 
impact of the metrics that the team hit (as noted in one of the previous comments).” The project goals are 
the development of a scalable, high-performance, low-cost, two-phase modular AnMBR (30 liters) by 
improving reaction kinetics (reduce digestion time from 5–10 days to 12–48 h) and increasing methane 
yield (0.45-L/g volatile solids fed) to reduce footprint and operating cost of biogas production. With the 
rumen and MagnaTree two-phase reactors, we were able to reduce digestion time to 0.5 days and 4.7 
days, respectively, compared to 10–20 days of conventional AD operations.  

“The team did address the motivation piece. Optimization of two unit operations in separate reactors is 
ideal, but does come with concomitant increase in CapEx.” We agreed; an increase in number of unit 
operations increases CapEx. With the rumen and MagnaTree two-phase reactors, we were able to reduce 
digestion time to 0.5 days and 4.7 days, respectively. New AD configuration improved reaction kinetics, 
hence reducing the required AD footprint by 2–4 times (when total, 5 days of operation compared to 10–
20 days of conventional AD operations) and increased methane yield (0.55-L/g volatile solids fed 
compared to 0.4-L/g volatile solids), hence reducing the cost of biogas production.  

“Q: What is the pathway from here/the endpoint? A: Looking at larger scales.” Our final deliverable in 
this project is to scale up the technology to a 36-liter reactor. The project team will further scale up the 
technology with new funding.  

“May want to pause and do some modeling to show economic feasibility at larger scales and sensitivity 
to some of the critical factors.” Techno-economic analysis was conducted with different plant sizes to 
determine the critical factors.  

“Process is not inherently responsive to feedstock variability. Able to modify process, but would need 
sensors to characterize the feedstock, or would need greater control of the feed.” Fluctuations in VFA 
and methane productions are due to (1) at lab-scale small reactors, the reactor geometry is a limiting 
factor in the mass transfer and control of digester. Large-scale fermenters will eliminate most of these 
issues. (2) When these limitations coupled with feedstock variability (composition and digestibility), the 
system performance showed the fluctuations in terms of methane yield. It should be noted that the 
digesters were fed based on volatile solids loading rate, but not organic carbon content. Even though the 
same solid loading rate was used during the experiments, variations in feedstock composition resulted in 
different organic carbon content and digestibility in the feedstock fed to the system. As shown in Slide 
14, the COD removal performance was mostly constant (average 85% removal) even with variations in 
feedstock, hence showing robust digester operations.  

Reviewer #3 Comments: “Management plan is identified and seems to be adequate. Risks and risk 
mitigation strategies were not identified.” Since food waste consists of food items with highly varying 
digestibility, anaerobic biodegradation of recalcitrant materials, such as lignin at high organic loading 
rates, was a risk. To overcome this risk, we increased membrane surface area to increase the digestibility 
of recalcitrant materials. Instead of running two-phase reactors together, we run individual reactors. This 
operation plan helped us identify risk points, improve reactor design, and determine the optimal 
operating conditions.  

“Would like to see a material balance on this process, solids, COD, and nitrogen species. Concerns 
include the quantity of rumen solids produced and the projected disposal.” We conducted a mass balance 
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on the integrated two-phase rumen and MagnaTree reactor. Currently, overall volatile solids removal is 
50%. It should be noted that the MagnaTree reactor hasn’t reached steady state, and overall volatile 
solids removal is expected to increase when the system reaches steady state. Both TEA and LCA 
frameworks considered the treatment and disposal of the leftover solids (i.e., sludge treatment). TEA also 
considered the recycle streams.  

“They have achieved significant COD reduction, but would like the volatile solids reduction rate also 
quantified.” The volatile solids reduction was addressed in the previous response.  

“Also concern about the long-term efficiency of the MagnaTree; my understanding is that it relies on 
conversion in the biofilm. With time, the biofilm thickness will increase, and that might reduce 
conversion rates.” MagnaTree operations mainly rely on convectional mass transfer (membrane flux), 
while the diffusivity has a limited impact on the performance. Clean in place (periodic membrane 
cleaning) will also take place to maintain the permanent membrane flux; hence, this periodic cleaning 
will also help to maintain biofilm thickness constant within the membrane reactor.  

“Would like to see a mass balance and a discussion on disposal options/issues associated with the two 
waste sludges. Also a discussion on any recycle streams to the WRRF and potential impact.” Both TEA 
and LCA frameworks considered the treatment and disposal of the leftover solids (i.e., sludge treatment). 
Slide 20 – TEA Framework, Residual management (line 3 in Cost & Revenues figure) specifically 
showed its impact. Slide 21 – LCA-System boundary figure shows the waste disposal associated options 
and their impact was analyzed by environmental analysis considering their global warming potential, 
acidification, eutrophication, smog, and respiratory impacts.  

Reviewer #4 Comments: “The project management appears to be adequate, though there is not much 
discussion of specific risks and mitigations associated with the project.” Since food waste consists of 
food items with highly varying digestibility, anaerobic biodegradation of recalcitrant materials, such as 
lignin at high organic loading rates, was a risk. To overcome this risk, we increased membrane surface 
area to increase the digestibility of recalcitrant materials. Instead of running two-phase reactors together, 
we run individual reactors. This operation plan helped us identify risk points, improve reactor design, 
and determine the optimal operating conditions.  

“However, it is unclear how the additional claim of a twofold reduction in AD footprint was achieved.” 
With the rumen and MagnaTree two-phase reactors, we were able to reduce digestion time to 0.5 days 
and 4.7 days, respectively. New AD configuration improved reaction kinetics, hence reducing the 
required AD footprint by 2–4 times (when total, 5 days of operation compared to 10–20 days of 
conventional AD operations) and increased methane yield (0.55-L/g volatile solids fed compared to 0.4-
L/g volatile solids), hence reducing the cost of biogas production.  

“It is not clear, however, if the integrated process has ever been tested, which is critical to assessing the 
potential commercial viability. Also, other than stating that the pilot-scale experiments started in 
February 2021, there was no further information provided about these tests, their objectives, and whether 
there is sufficient time left in the project (slated to end in September 2021) to achieve meaningful 
results.” The slide deck for the Peer Review was submitted to BETO on February 19, 2021. The scale-up 
studies started at the end of February. The two-phase system started up with a 6-L first-phase rumen 
reactor and a 43-L second-phase MagnaTree reactor using rumen content and digestate from full-scale 
acid-phase digester treating municipal sludge and food waste as the inoculum for the first phase, and a 
full-scale second-phase digester digestate as the inoculum for the MagnaTree reactor. A mixture of pre-
consumer and post-consumer food has been used as a feedstock. The first-phase reactor had an average 
hydraulic retention time of 12 hours, while the second phase had a 5-day hydraulic retention time. The 
solids retention time for the first-phase rumen reactor was controlled to be around 5 days by wasting the 
bulk solution digestate, while the solids retention time of the second-phase MagnaTree reactor was not 
controlled but was only determined by the solids content in the only-liquid output from the reactor. The 
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rumen reactor quickly reached and exceeded our VFA yield target of 0.35 kg VFA/kg volatile solids fed 
within 3 weeks after startup. We met and exceeded the milestone for FY 2021 Q2 and the first-phase 
reactor. The effluent from the first-phase rumen reactor was fed to the second-phase MagnaTree reactor. 
The second phase was started up on day 21 and it has been still in the transition phase. Currently, an 
average COD reduction in MagnaTree reactor is 61%. The initial results showed the scalability of the 
two-phase reactor. Our next step is to optimize operating conditions to meet the target to “produce 
methane at a yield of 0.45-L/g volatile solids fed in two-phase AnMBR (36 liters) on a sustainable basis 
at technology readiness level 4” set for this project by the end of September 2021.  

“Model improvements are encouraging and a welcome sight to see that it has entered the public domain. 
The project impact is moderate; while it improves existing AD technology and the focus on small-scale 
applications is important, the end product of biogas is still a relatively low-value product.” The project 
was in response to a BETO lab call on biopower production, which also required the development of 
new biogas production technologies. 
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MAXIMIZING BIO-RENEWABLE ENERGY FROM WET WASTES (M-
BREWW) 
University of Illinois at Urbana-Champaign 

PROJECT DESCRIPTION 
Municipal wastewater treatment plants consume up to 
3% of total U.S. electricity demand, and typical 
electrical costs account for about 40% of their annual 
operating budget. These facts are related to the 
prevailing use of conventional activated sludge 
processes for aerobic degradation of wastewater 
organics into CO2, which dissipates the organic 
energy content of wastewater and requires a large aeration energy input. This project aims to enhance 
biopower recovery from municipal wastewater organics through development of a novel cloth-filter AnMBR 
combined with ammonia ion-exchange and ammonia electrolysis. Together, this three-part system will 
maximize the conversion of wastewater biosolids and ammonia into two harvestable fuels: methane and 
hydrogen gas, which can be co-combusted for electricity production. This novel system has the potential to 
increase the net energy recovery from wastewater by more than 10-fold by eliminating the energy input for 
aeration, decreasing the energy needed for AnMBR fouling control, and increasing the fraction of energy 
harvested from wastewater organics. This project includes lab-scale work for optimization of the unit process 
components, and then pilot-scale demonstration at an operating wastewater treatment plant. Thus far, the novel 
cloth filter AnMBR has been operated at pilot-scale for over a year and achieved a very low energy demand of 
0.009 kWh/m3 for fouling control, which is 97% lower than the average values reported for other pilot 
AnMBRs. The observed tradeoff was reduced effluent water quality in terms of COD removal efficiency 
(66%) and effluent TSS concentration (29 mg/L) when compared to conventional AnMBRs. However, it was 
further demonstrated that by adding an in-line coagulation-flocculation process, the cloth filter AnMBR 
performance could provide effluent water quality comparable to the baseline conventional activated sludge 
process. In the next phase of the project we will install and operate the optimized ammonia ion-exchange and 
electrolysis processes into the pilot-scale operations for demonstration of the fully integrated wastewater 
treatment system.   

WBS: 5.1.3.201 

Presenter(s): Lance Schideman 

Project Start Date: 10/01/2018 

Planned Project End Date: 12/31/2022 

Total DOE Funding: $1,585,115 
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Photo courtesy of University of Illinois at Urbana-Champaign 

COMMENTS 
• Management plan is very good, and they have identified the risk and risk mitigation strategies. Would 

like to see a material balance and a nitrogen species balance (especially soluble organic nitrogen). The 
concern is the total nitrogen exiting the process. Many WRRFs have very low total nitrogen permit 
limits, including seasonal ammonia limits of 1 mg/L. The cost of disposal for the waste sludge need to be 
quantified, and the expected disposal option should be identified. There should be a discussion on the life 
of the ion-exchange resin and the fate of the spent resin. 
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• Project seems to be making great progress, as it is about halfway along. Were there any impacts to the 
project’s schedule from COVID-19? Tackling of big issues involved in operating a wastewater treatment 
plant: aeration and N control. Seem to be well along their way in meeting their process goals of having 
lower process costs as compared to conventional activated sludge/AD. Conventional activated 
sludge/AD is a good baseline. Would have been good to have intermediate goals to check that progress is 
tracking with expected. Clear performance over the initial baseline case for this system. Using more 
porous membranes results in greater flow, and less energy spent addressing the challenge of membrane 
fouling. Aqua-Aerobics is experienced in the water space and clearly invested in getting more 
applications into the space (motivated partner). Ambreon is scaling up the ammonia electrolysis 
technology—so both parts are looking to transition into the real world. Team appears to be 
communicating frequently and effectively. Risk mitigation strategies are in place. Unclear which, if any, 
have been put into practice. Really nice work on the improved flow dynamics of the ammonia 
electrolysis cell. Do need better separation of the H2 from the N2 column. What, if any, are the concerns 
of excess N2 in the H2 column? Nitrogen oxide emissions? If these are manually switched, how would 
this be scaled? Where do you expect to be able to get to in terms of separation/where do you need to get 
to? The additional chemicals/NaOH impact on cost and LCA was discovered late; should reflect this 
challenge in an updated risk register. 

• Strengths: Well-constructed project team with research facilities, engineering firms, and industry 
partners all actively engaged. Clear approach for capturing more carbon from the feedstock and 
upgrading it to methane for power generation through lower-cost cloth membrane applications. Novel 
approach for the inclusion of ammonia recovery and electrolysis for hydrogen gas production. Have de-
risked the cloth filter use by leveraging wastewater treatment experience in cloth polishing applications. 
Preliminary electricity balance suggests significant value creation for wastewater treatment plans if these 
technology innovations come to fruition. 

Weaknesses: A number of the risks were identified as low-risk (e.g., brine recirculation in electrolysis 
process, contaminant challenges in membrane processes). These should be monitored carefully, as these 
risks appear to be higher than identified. Hydrogen gas will have higher-value applications in hydrogen 
cells. The team is encouraged to look for opportunities to divert and test this hydrogen production for 
this application (e.g., transportation). Will need to address the dissolved methane content, which is 
currently 50% of total production. More information on how the membrane unit and the electrolysis 
system would be integrated into an existing anaerobic digestion platform would have been helpful. 

• The management plan is clear and well thought out. The project is complex, and there are a number of 
places where alternatives could be considered (using the NH3 directly rather than sending it through 
electrolysis, burning the H2, CH4, and residual NH3 [without a high-purity target], using the H2 for a 
higher-quality end product rather than combusting it, etc.). It would be a good idea for the PIs to explore 
these options at least in the TEA and LCA to provide multiple paths forward. The project was well 
presented and the results and progress are clear and look promising. Integration and reduced chemical 
use will be the challenge. The potential need for post-treatment is a risk, as is the high quantity of 
dissolved CH4 in the AnMBR effluent. These also should be addressed clearly in the TEA and LCA 
(they do not currently appear to be incorporated), and plans for mitigation should be incorporated. 

• The project proposes an alternative process to conventional two-stage wastewater treatment using an 
AnMBR for direct digestion of wastewater along with nitrogen treatment. There is a good upfront 
quantitative description of the proposed distributed low-energy wastewater treatment (D-LEWT) process 
compared to the conventional wastewater treatment process, along with detailed advantages and 
disadvantages of the use of the AnMBR. The management looks good, with smart inclusion of 
wastewater industry stakeholders and industry partners that specialize in key components of the process. 
The approach is clearly presented. The use of large pores and cloth material for the membrane as the key 
to improved performance appears to be very similar to the Argonne-led project in this session, prompting 
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a question of whether there is a duplication of efforts, although the current project’s use of a single-stage 
rather than two-stage AnMBR is a clear advantage. The nitrogen control steps (ion exchange and 
electrolysis) are an important inclusion, and their value, if successful, is considerable, but relatively little 
information is provided to assess how efficient (with respect to yields and energy cost) and practical this 
part of the process is. The AnMBR results presented are encouraging, but it is unclear whether the biogas 
produced (>130 mL CH4/g COD) meets the 85% COD value for biogas specified in the process 
description. Relatively few results are presented for a project about halfway to completion, and no results 
are presented on the ion exchange work. An important part of this project will be the integrated pilot-
scale tests still to come, but there was no discussion of this aspect of the project. The TEA and LCA 
results are very informative. The TEA project goal shows a significant cost improvement compared to 
the baseline AnMBR design, but curiously shows only a slight reduction relative to conventional 
wastewater treatment processes, which appears to be due to a notably higher chemical and overall CapEx 
cost. The production of more biogas and hydrogen while removing nitrogen in the D-LEWT process is a 
significant improvement over conventional wastewater treatment, but the limited improvement in overall 
cost and the fact that the product biogas is still relatively low in value reduces the magnitude of its 
impact. 

PI RESPONSE TO REVIEWER COMMENTS 
• Thanks to all the reviewers for your encouragement and constructive criticism on this project. The 

paragraphs below provide a response to selected issues raised by the reviewers, with more of a focus on 
perceived weaknesses, areas where some additional clarification was needed, and potential changes to 
the project approach. First, the issue is numbered, summarized, and then our response is provided. The 
sequence of issues generally follows the order of comments provided in the BETO Project Peer Review 
system, but some similar and related issues are grouped together at their first occurrence.  

1. Were there any impacts to the project’s schedule from COVID-19? There were impacts on the project 
work and schedule due to COVID-19 mitigations that began with lockdowns from March–July 2020, and 
these impacts continue to a lesser degree with reduced lab occupancy limits and extended delivery times 
for certain supplies. To date, we have been able to meet all the project milestones, but COVID-19-related 
delays have reduced the amount of process optimization on certain project aspects, mostly related to the 
ammonia ion-exchange and electrolysis processes. Thus, we have recently decided to request a 6-month 
no-cost extension for the current budget period (BP2), which would change the BP2 completion date 
from June 30, 2021, to December 31, 2021, if the extension is granted and fully exercised. This 
extension will enable the project to mitigate the delays associated with COVID-19.  

2. Would have been good to have intermediate goals to check that progress is tracking with expectations. 
We have interim performance milestones to track the progress of the project and go/no-go criteria at the 
end of each budget period. In addition, we are continuously tracking our experimental research impacts 
through concurrent TEA and LCA modeling of the treatment process alternatives, which is also used for 
refining experimental plans to focus on high-impact topics. Current TEA and LCA progress is being 
tracked in reference to the final project goals and in comparison to two reference baseline cases: one for 
conventional activated sludge with side-stream anaerobic digestion and a second baseline case for 
mainstream AnMBRs using system performance parameters as of the start of this project. Finally, our 
general progress is monitored through DOE quarterly reports, monthly internal team meetings, and 
bimonthly review meetings with DOE program managers.  

3. Various questions related to the separation of the gases H2 and N2 after NH3 electrolysis and higher-
value uses of H2 (e.g., transportation fuel). N2 does not necessarily need to be separated from H2 after 
electrolysis when the intent is to co-combust the H2 with the CH4 in biogas. Without separation, the N2 in 
the combustion process would be somewhat higher, which may lead to greater nitrogen oxide emissions. 
However, there is already a large amount of N2 in the combustion process from the combustion air 
supply, and thus the resulting increase in nitrogen oxides may be trivial. We plan to conduct combustion 
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tests with elevated N2 levels associated with not separating the N2 and H2 from electrolysis to quantify 
the effect on nitrogen oxide emissions. We have recognized the additional value of separating the H2 for 
other uses, and we have included that in our TEA modeling as “displaced hydrogen,” which is valued at 
$10/kg. Despite the economic advantages of diverting H2 to other uses, many wastewater plant operators 
may be leery of the reliability or extra effort required to manage H2 offtake contracts. Thus, an option to 
burn H2 directly on-site for power production is still a relevant alternative. If H2 is to be used for vehicles 
or bottled gas supplies in existing markets, the removal of nitrogen will likely be required to increase H2 
purity to above 99%. For conventional hydrogen production from steam methane reformation, polishing 
processes are added after reforming to increase hydrogen purity, and these could also be added after our 
electrolysis process. For this project, we set an H2 purity goal of >93% to demonstrate significant 
progress on purity metrics, and we also plan to test process capabilities for achieving higher H2 purity 
levels as time allows. For instance, we expect that better separation of H2 and N2 can be achieved if the 
current nylon flow separator was switched to a Celgard separator with a much smaller pore size (one 
order of magnitude). Multiple options for the electrolysis gas products as described above will be 
evaluated and compared via the TEA model. We agree that the manual valve-switching operation 
currently being used to separate N2 and H2 is not practical for large-scale applications. This manual valve 
setup was intended to demonstrate the H2 separation concept, but later in this project we will use 
automated solenoid valves, which are suitable for process upscaling.  

4. The project will need to address the dissolved methane content, which is currently 50% of total 
production. Dissolved methane removal processes are not included in the experimental scope of the work 
for this project, but it has been included in the TEA modeling. The TEA and LCA presume use of a 
degassing membrane with the proposed D-LEWT process to remove 80% of dissolved methane based on 
published data from the U.S. Environmental Protection Agency. Note that the high fraction of dissolved 
methane was largely due to the timing of the work at the local wastewater plant, which mostly occurred 
during the winter season. This parameter will continue to be measured and is expected to be much lower 
during warmer-weather seasons.  

5. Risk mitigation strategies are in place. Unclear which, if any, have been put into practice. Several 
technical risk mitigation strategies have been implemented to improve effluent water quality and reduce 
the rate of fouling in the AnMBR. Specifically, a biofilm support media was added to the anaerobic 
reactor to retain biosolids and reduce the fouling from suspended solids impinging on the cloth filter. 
Coagulants were dosed upstream of the membrane tank to promote floc formation and increase the 
removal of solids, phosphorus, and organics on the cloth filter. We also plan to incorporate adsorbents in 
the AnMBR system to further improve effluent water quality. Note that these adsorbents will be used 
with in situ bioregeneration such that they are only providing temporary removal of contaminants, and 
the final removal/conversion mechanisms are biological. Additionally, TEA and LCA work has been 
used to guide the research work. Results from this modeling work have been used to identify large 
material consumption and investigate options for reducing these inputs.  

6. The additional chemicals (e.g., NaOH) impact on cost and LCA was discovered late and should be 
reflected in an updated risk register. The impact of this risk should be monitored closely, as it appears to 
be a higher risk than initially identified. We will add this item to our project risk register and set the risk 
level to moderate. Future experiments will focus on ways to reduce the amount of pH drop in the 
ammonia ion-exchange regeneration brine, such as draining the ion-exchange bed of water prior to 
regeneration. This will avoid unnecessary brine dilution and thus reduce the need for supplemental 
NaOH. It is true that earlier project work did not anticipate the large impact of NaOH chemical inputs on 
cost and greenhouse gas emissions. However, this issue and its importance are now clearly in view, and 
we will work to minimize the amount of NaOH needed. TEA and LCA work will continue to be used to 
understand the risk of this material consumption.  
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7. More information on how the membrane unit and the electrolysis system would be integrated into an 
existing anaerobic digestion platform would have been helpful. A membrane can be installed external to 
an existing anaerobic digester to filter the digester supernatant (effluent), which is currently sent to the 
head of the treatment plant. Plastic media and outlet screens to retain the plastic media could be added to 
the digesters to support attached biofilm growth, which will help improve membrane flux. The 
membrane will retain any effluent solids, which can be returned to the digester for additional digestion 
time. This decoupling of hydraulic and solids retention time will significantly increase the hydraulic 
capacity of an existing digester and improve digester effluent quality. However, ammonia will still pass 
through the membrane, and thus an ammonia ion-exchange and electrolysis process can then be used on 
the digester effluent. Early in the project, we proposed that this novel treatment train could be used to 
replace only the side-stream solids handling part of the wastewater plant. However, the impacts and 
benefits were relatively small in that case because it did not reduce the significant energy inputs for 
aeration in a mainstream conventional activated sludge process. More recently, we have worked to 
develop a retrofit alternative that would also convert the activated sludge tankage to anaerobic 
bioreactors by sealing them with flexible rubber covers and turning off the aeration. In this case, the 
whole plant could be converted to anaerobic treatment of the mainstream flow, which provides similar 
net energy benefits to a greenfield plant with AnMBRs, ammonia ion exchange, and electrolysis as 
proposed in this project (D-LEWT system).  

8. Would like to see a material balance and a nitrogen species balance (especially soluble organic 
nitrogen). The concern is the total nitrogen exiting the process. We will provide a detailed nitrogen mass 
balance for our intermediate project review between BP2 and BP3. In the meantime, we will summarize 
here some key points about the fate of nitrogen in conventional wastewater plants and the proposed D-
LEWT system studied under this project. Raw wastewater influent contains 20–70 mg/L of total 
nitrogen, roughly half of which is organic nitrogen, and the other half is ammonia. In conventional 
activated sludge processes, most of the organic nitrogen is converted to ammonia, and most of the 
ammonia is then converted to nitrate, with effluent total nitrogen typically ranging from 15–35 mg/L. 
(Some nitrogen is exported with the biosolids). To meet low total nitrogen discharge permits, a 
denitrification process is generally needed to convert some of the nitrate to nitrogen gas, which adds 
substantial cost but does lower the effluent total nitrogen to 2–12 mg/L, which again is mostly nitrate. In 
the proposed D-LEWT system, the AnMBR system converts most of the soluble organic nitrogen to 
ammonia, and the AnMBR permeate contains about 75% of the influent total nitrogen in the form of 
ammonia (15–55 mg NH3-N/L). In the subsequent ion-exchange process employing clinoptilolite 
columns, up to 98% of ammonia is removed, providing a final effluent with total nitrogen concentrations 
of 1–2 mg/L, mostly as ammonia. Most of the captured ammonia is then released from the ion-exchange 
columns and converted to N2 by electrolysis that is released to the atmosphere. All in all, the proposed 
D-LEWT process provides an attractive approach to providing effluent with low total nitrogen 
concentrations, but we have not yet characterized the relative amounts of soluble organic nitrogen and 
ammonia at the effluent or intermediate points in the D-LEWT system.  

9. The cost of disposal for the waste sludge needs to be quantified, and the expected disposal option 
should be identified. Landfilling and land application of sludge are included in the current TEA and LCA 
models assuming a 20%/80% split between the two disposal options, respectively. Landfill tipping fees 
were assumed at $55/wet ton and land application costs were assumed to be $50/wet ton based on a 
biosolids survey of utilities in California. Note that land application costs in the Midwest are generally 
much lower (~$10–$40/ton), and these lower costs are being evaluated as a part of the TEA sensitivity 
analysis.  
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10. There should be a discussion on the life of the ion-exchange resin and fate of the spent resin. The 
lifetime of the ion-exchange resin is currently assumed to be 10 years, but we need to confirm this value 
based on the historical uses in other applications. Landfill will likely be the final disposal location for the 
spent resin and will be included in the TEA/LCA modeling.  

11. The nitrogen control steps (ion exchange and electrolysis) are an important inclusion, and their value, 
if successful, is considerable, but relatively little information is provided to assess how efficient (with 
respect to yields and energy cost) and practical this part of the process is. So far in this project, the ion-
exchange and ammonia electrolysis processes have been studied at lab scale, and the experimental 
results have met the related interim milestone targets. Specifically, multiple ion-exchange media have 
been evaluated and showed an ammonia removal efficiency of 80%, with potential for improved 
regeneration efficiency. For ammonia electrolysis, we have shown the ability to reduce ammonia levels 
in the regenerant brine by 85% with H2 purity >93% v/v. The demonstrated performance of these 
processes has been included in the TEA/LCA work. As noted earlier, despite meeting milestone targets, 
these parts of the project have suffered the most from COVID-19 delays, and as a result we are 
requesting an extension to work on additional optimization and to better prepare for the upscaling and 
integration of these two processes into the pilot operations.  

12. The AnMBR results presented are encouraging, but it is unclear if the biogas produced (>130 mL 
CH4/g COD) meets the 85% COD value for biogas specified in the process description. The value of 130 
mL CH4/g COD represents the gaseous methane yield harvested in the headspace of the pilot cloth filter 
AnMBR operated during the late fall and winter seasons, when the process temperature was as low as 
5°C and up to half of the methane produced was dissolved in the permeate (total methane production 
~260 mL/g COD). These conditions represent the worst-case scenario for AnMBRs operating at ambient 
temperature, but still achieved a higher fraction of COD being converted to methane than the 30%–35% 
achieved with conventional activated sludge plus AD processes under much more favorable operating 
conditions. In addition, we have not yet implemented at the pilot scale several techniques shown to 
improve COD retention in the AnMBR system (e.g., coagulation and adsorbents). When included, these 
enhancements are expected to also improve COD conversion to methane and will support meeting the 
project goal of capturing 85% of available COD to methane.  

13. The TEA and LCA results are very informative. The TEA project goal shows a significant cost 
improvement compared to the baseline AnMBR design, but curiously shows only a slight reduction 
relative to conventional wastewater treatment processes, which appears to be due to a notably higher 
chemical and overall CapEx cost. The production of more biogas and hydrogen while removing nitrogen 
in the D-LEWT process is a significant improvement over conventional wastewater treatment, but the 
limited improvement in overall cost and the fact that the product biogas is still relatively low in value 
reduces the magnitude of its impact. This project has the potential to dramatically increase the net energy 
production from wastewater treatment by both eliminating the significant energy inputs for aeration, 
while also increasing the energy outputs from biogas and hydrogen. This is a highly desirable outcome 
that would be a major paradigm change for the wastewater industry from a current significant energy 
consumer to a net energy producer. Our progress on the process costs should first be measured against 
the baseline AnMBR design, which is known to be higher than the current industry standard approach—
conventional activated sludge plus AD. This is a common trade-off with bioenergy processes, especially 
nascent ones, where there is a higher price for reducing dependency on fossil fuels. We have identified a 
technical pathway to reduce the cost of the D-LEWT process to match the cost of the industry standard 
approach, which would be a rare and great success for bioenergy projects. To achieve cost parity with 
conventional activated sludge plus AD while also dramatically increasing bioenergy production from 
wastewater eliminates the typical trade-off with bioenergy projects and allows the industry to achieve 
better environmental outcomes without additional cost. Thus, this project can have a major impact 
without significantly reducing the baseline costs of wastewater treatment. The last point about the low 
value of biogas seems to suggest that because we currently have relatively inexpensive fossil energy 
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resources, it would be better to convert wastewater organics to higher-value coproducts. While economic 
optimization is a valid rationale, it seems to overlook that our society would still need low-carbon energy 
resources from some other source, and there is no guarantee that fossil energy prices will always be low. 
Even if it is not the highest-profit use of wastewater organics, having the option to make them into 
renewable energy resources at the same cost as traditional wastewater treatment would be a great option 
to have available.  
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A CATALYTIC PROCESS TO CONVERT MUNICIPAL SOLID WASTE 
COMPONENTS TO ENERGY 
Worcester Polytechnic Institute 

PROJECT DESCRIPTION 
Biofuels and bioenergy have the potential to reduce 
greenhouse gas emissions, improve energy security, 
and reduce energy price volatility. Unfortunately, 
despite significant progress in the past 20 years, 
conversion of biomass into transportation fuels is not 
yet directly competitive with fossil fuels. In fact, 
biomass conversion costs have decreased steadily in 
the past 10 years, as indicated by successive cost estimates published by NREL, while biomass feedstock costs 
have remained nearly unchanged. Reducing the costs of biomass production, transportation, and storage has 
proven more difficult. As suggested in DOE’s Billion Ton Report, a potential solution to biomass production 
costs is to use waste feeds that would otherwise require a tipping fee for disposal. MSW, including food waste 
and green waste (e.g., yard waste), is especially attractive as a feed for bioenergy production because (1) 
depending on location, tipping fees; (2) conversion of MSW to energy diverts it from landfills, where its 
anaerobic digestion leads to greenhouse gas emissions; and (3) generation of MSW coincides with population 
centers. 

Food waste constitutes approximately 15% of the total mass of MSW. Water constitutes approximately 70% of 
the total mass of food waste, effectively reducing its energy content relative to other organic components of 
MSW. Its high water content and variable composition make conversion using pyrolysis and gasification 
unattractive energetically, as these require energy-intensive drying and result in significant char and tar 
formation. HTL process is a great fit for these waste material feedstocks with high water content. This project 
is designed to tackle the main challenges associated with converting the combined food and green waste feed 
to fuel product, namely diesel. 

The main project objective is to generate bench- and pilot-scale experimental data and models to de-risk 
commercialization of a process to convert a combined stream consisting of the food waste and green waste 
components of MSW into an energy-dense bio-oil and refined lignin stream. The primary components of the 
process include a solvent separation step to remove lignin (a potentially recalcitrant component) from the green 
waste stream to generate a delignified biomass stream; an HTL step to convert the food waste and 
holocellulose stream into a raw bio-oil; a catalytic upgrading step to increase bio-oil yield and/or improve its 
composition; and a catalytic hydrogenation step to reduce oxygen and nitrogen content of the bio-oil to further 
improve its composition. These component processes will be investigated at the bench scale and the data used 
for operating a pilot-scale system constructed at Mainstream Engineering. Finally, the economics and life cycle 
analysis of the carbon emissions from the overall process will be continuously assessed using standard metrics 
of energy return on investment and levelized cost of energy. 

A multi-university and industry team has been assembled with expertise in biomass pretreatment, high-
pressure processing, catalysis, and reaction engineering. The project is split into eight tasks based on the 
individual expertise, with milestones for each task. 

The main products of the technology will be upgraded HTL bio-oil and a purified lignin stream. Byproducts 
will include a gas purge stream, consisting primarily of carbon dioxide; a char stream, which will qualify as a 
class A bio-solid; and an aqueous phase containing water-soluble organic compounds produced in the 
hydrothermal liquefaction process. The catalytic upgrading process is designed to minimize carbon loss to the 

WBS: 5.1.3.202 

Presenter(s): Mike Timko 

Project Start Date: 10/01/2018 

Planned Project End Date: 12/31/2022 

Total DOE Funding: $1,995,199 
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aqueous phase, since aqueous-phase carbon represents energy loss and the contaminated aqueous phase must 
be treated prior to discharge, thereby increasing costs and decreasing overall efficiency. The catalytic 
hydrogenation step further improves HTL bio-oil properties, specifically heating value, by rejecting oxygen 
and nitrogen. 

The target market is the U.S. diesel fuel market for the upgraded bio-oil product. This market represents a 
billion-dollar opportunity in both transportation and stationary heat and power. The feedstock of municipal 
solid waste is around 250 million tons per year in the United States. Utilizing the organic fraction (~40%) 
would significantly divert waste from landfills while providing an inexpensive and renewable feedstock for 
fuel production. It is estimated that the proposed technology could produce 10%–15% of the annual domestic 
gasoline usage (assuming 100% material efficiency) in energy-dense oil product or 3%–5% with 25% 
efficiency. Additional products from this waste conversion process include a high-grade lignin separated from 
green waste, which has an additional value. 

The primary challenges to the success of bringing this technology to commercialization include producing 
sufficient bio-oil yield and energy quality, handling and stability of bio-oil products for upgrading, catalyst 
stability in long-term usage, and successful fractionation of lignin from complex real feedstocks. 

The carbohydrate fraction of green waste has been successfully separated form lignin component using 
optimized cosolvent pretreatments. To meet the bio-oil quantity and energy recovery, hydroxyapatite catalyst 
was found to significantly improve bio-oil yields from food waste feeds while maintaining good hydrothermal 
stability. Handling of viscous bio-oil and the thermal stability oil products during upgrading requires selection 
of appropriate solvents and separations prior to processing. 

In addition, the COVID-19 pandemic has created unforeseeable challenges to the progress of the process due 
to laboratory work restrictions, researcher illness, and researcher absence due to contact tracing. The prolonged 
shutdown resulted in coking in the upgrading reactor, which then required many weeks to rebuild. Sourcing 
real food waste during the pandemic is problematic due to the additional risk to waste handling and the 
shutdown of most cafeterias. We did source approximately 20 lb prior to the start of the pandemic. Fortunately, 
sufficient supplies of green waste and limited waste were procured prior to the pandemic. 

To date, we have successfully fractionated real green waste into lignin-rich and carbohydrate-rich fractions for 
lignin products and biofuel feedstocks, with the carbohydrate fraction having less than 20% lignin. This has 
partially met milestones, with further optimization of reaction parameters required to increase the purity of the 
lignin fraction to >80% and remove ash content. Carbohydrate and lignin fractions have been then evaluated 
using hydrothermal liquefaction, showing that lignins provide ~40 wt % yield of bio-oils, while carbohydrate 
fractions yield ~20% bio-oil. Further optimization of the reaction parameters for HTL is underway to optimize 
the yield from the different fractions. In parallel, we have launched machine-learning efforts to understand the 
relationship between feed properties and HTL biocrude yield, crucial to commercial implementation of 
complex and time-varying feeds. 

We have screened many catalysts for HTL of food waste to bio-oil, including waste materials such as red mud, 
clay, and fly ash; and oxides such as ceria, zirconia, and ceria-zirconia. Basic oxide catalysts such as red mud 
were shown to be highly active for conversion of food waste to bio-oil, although exhibited poor stability. In 
addition, nickel was supported on oxides (Ni/CeO2, Ni/ZrO2, and Ni/CeZrOx); catalyst showed a dramatic 
reduction in char yields with the highest bio-oil energy recovery (39%). A new catalyst, hydroxyapatite, has 
been utilized to significantly improve bio-oil yields and energy recovery from the HTL of food waste, meeting 
current milestones. Hydroxyapatite is a bifunctional catalyst with basic and acid sites, and we have determined 
it is hydrothermally stable for 200 hours at 300°C. Catalytic HTL of food waste to bio-oil using hydroxyapatite 
has exceeded the milestone of 45% energy recovery. Kinetic studies are underway to optimize bio-oil yields 
from this catalytic hydrothermal process. 
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Upgrading the raw hydrothermal bio-oil to a fuel-compatible composition requires further reducing the oxygen 
and nitrogen content. This is achieved using hydrogenation step. We have utilized Mo2C catalyst for 
hydrogenation of hydrothermal bio-oil. More than 75% of the oxygen and nitrogen has been removed from 
hydrothermal bio-oil produced from food waste, from dilute (1 wt %) solvent stream. An upgraded oil with <9 
wt % oxygen and 2 wt % nitrogen has been realized to date, close to the required milestone. Work is ongoing 
to increase the bio-oil feed concentration and to study the catalyst stability. 

A continuous pilot-scale catalytic hydrothermal reactor was constructed and operated for >10 hours at 
Mainstream Engineering using food waste feed, ahead of schedule. Using techno-economic analysis, the 
minimum fuel selling price of the fuel energy produced using the best catalyst and feed rate optimization is 
$3/GGE (including $1/GGE upgrading) for this overall process, without taking into account transportation 
costs. This far exceeds the current milestone of $4.83/GGE.  
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Photo courtesy of Worcester Polytechnic Institute 

COMMENTS 
• Might avoid using the term biosolids for the solid inert material that falls out of HTL. Just less 

rules/concerns than if it is called a biosolid. Extensive use of milestones and quantitative goals. Doing a 
great job of tracking progress against these values. Are going to miss some of the intermediate targets 
(e.g., MFSP), but will have made substantial progress on many others. Seem to have hit some stretch 
milestones early with some good research choices. Team seems to be communicating well, and clearly 
articulated the challenges that COVID-19 has placed on the team. Team accurately communicated the 
level of risk/uncertainty, as well as presented reasonable mitigation plans. The project is still a bit early 
relative to others in the commercialization process, and may have a bit of trouble bridging the valley of 
death. Scale and runtime are accurate for the scale, but are still well removed from commercial 
relevancy. This team is engaging with critical commercial partners, including oil company Phillips 66. 
Have assembled a strong advisory board. Are using the PNNL HTL work/TEA to help better position 
this work with the other work that has been done in the HTL space, particularly the work that has been 
funded by BETO. Team is engaging with other DOE-funded work and with the larger scientific 
enterprise. 

• Strengths: Strong multi-industry partnerships from research organizations and commercial partners. 
Structured engagement of commercial partners from each stage of the value chain. Clear research 
approach. Differentiated from other HTL research projects and influenced by industry advisors. Strong 
understanding of regional needs and evidence of adapting research efforts to match these needs (e.g., 
identification of aviation gas needs). Valuable progress on commercially viable catalyst 
(hydroxyapatite). 

Weaknesses: Currently not including tipping or transportation fee. Will be critical to include this in 
model (there appears to be plans to adapt the model to include this). It was difficult to determine what 
scale the catalyst work was being performed at and the scale-up challenges that would arise as the 
technology transitioned to more commercially relevant scales. In light of COVID-19, it would be 
valuable to explore the health and safety risk of transporting and handling large volumes of waste at 
commercial scale. Understanding the cost of processing waste with high soil content or the cost of 
treating the feedstock to remove soil will be required. 

• The management appears to be fine. The advisory board is particularly strong. The presentation was very 
unclear. There were aspects of the flow chart that was presented that were unclear and appeared to be 
undecided at the present time (for example, whether the upgrading was in situ or ex situ, how the green 
waste entered into the overall process). The presence and characteristics of waste streams that come from 
the proposed process are not clear, nor are the challenges that they may present. This should be 
incorporated into the TEA/LCA and into the flow chart. The most progress appears to have been made in 
the area of the catalyst use, which appeared to be strong. The scaling up of the system earlier than 
expected is also very good. The ultimate goals regarding mixing the yard waste and food waste were 
unclear. It seems that “pure” feeds are being used at this point, but again, that was not clear. 

• The project results to date are encouraging and they are meeting most of their milestones. They have a 
very diverse advisory team, which is a benefit on this type of project. One concern is the problem they 
encountered with the food waste slurry and having to use dried waste. As the scale increases, using a 
dried feedstock may be impractical. I think it is important to understand why there was a problem with 
the waste slurry and how that can be changed moving toward full-scale processes. Would like to see a 
mass balance and a discussion on the waste streams produced and how they can be disposed or issues 
with disposal. Also a discussion on the potential impacts of recycle streams to the WRRF relative to 
nutrient removal or other permit or operational effects. 
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• This project looks to improve overall performance of HTL technology to convert a specific fraction of 
municipal solid waste (the food and yard waste portion) to liquid hydrocarbon fuels. The project 
management appears sound and the use of and composition of the advisory board is outstanding. These 
companies, representing all of the key areas that intersect in this project (e.g., food waste source, waste 
management, refinery, HTL commercial company), should help guide the research and ensure that the 
project remains focused on real-world issues and constraints. The approach concentrates on certain parts 
of the overall proposed process and is generally reasonable, though not all tasks appear to be of equal 
value. It is not clear what the innovation is in the lignin fraction portion of the project or how it has been 
successful, but it is also not clear why it is needed. HTL has been successfully demonstrated on wood 
feeds in the past without having to remove lignin, and it is not obvious from the results presented that 
lignin removal is worth the additional steps and process complexity. While the use of catalysts in HTL 
tests adds to the process complexity, the ability to grow carbon chains to ensure that more carbon stays 
in the oil phase instead of the aqueous phase and the resulting higher biocrude carbon yields is 
impressive. This may signify a key advantage to catalyst use and possibly be a game changer, especially 
when the target feed is mostly six-carbon carbohydrate species as opposed to longer-chain lipids that are 
more likely to stay in the product oil phase on their own. The upgrading results presented are not that 
impressive to date. The milestone of demonstrating less than 9% oxygen in the upgraded oil sets the bar 
much too low. Current hydrogenation technology can easily achieve the required target of less than 1% 
oxygen for acceptance by a refinery, so it is not clear what exactly has been accomplished in this task to 
date. The construction of a continuous HTL pilot plant will be useful if it represents a fully integrated 
version of the proposed process. The TEA is modeled after that developed by PNNL, and the results 
presented with respect to MFSP of the fuel product appears to be comparable to that presented by PNNL. 
While this is encouraging on the one hand, it is not clear how this project’s TEA distinguishes itself from 
that of PNNL and whether this is an unnecessary duplication of effort. Some of the stated TEA 
assumptions (e.g., no tipping fees or transportation costs) are not realistic, and a base case nonzero value 
should be included in the model. The impact of this project in advancing HTL technology and the 
development of liquid hydrocarbon fuels is significant and entirely consistent with BETO’s objectives. 

PI RESPONSE TO REVIEWER COMMENTS 
• We appreciate the reviewers’ time and effort to help improve our BETO project. Overall, reviewer 

comments are very positive, with the apparent bottom line conclusion being: The impact of this project 
in advancing HTL technology and the development of liquid hydrocarbon fuels is significant and entirely 
consistent with BETO’s objectives. Positive comments include, “the ability to grow carbon chains to 
ensure that more carbon stays in the oil phase instead of the aqueous phase and the resulting higher 
biocrude carbon yields is impressive. This may signify a key advantage to catalyst use and possibly be a 
game changer,” “The project management appears sound and the use of and composition of the advisory 
board is outstanding,” “The scaling up of the system earlier than expected is also very good,” and “The 
project results to date are encouraging and they are meeting most of their milestones.”  

While the strengths appeared to outnumber the weaknesses, some weaknesses were identified. We 
respond to the most substantive criticisms here. If we have overlooked a comment that BETO deems 
substantive, we will be happy to provide a specific response to it. Progress on hydrodeoxygenation was 
flagged as lagging. Since the time of the Peer Review, we have prioritized this area and made substantial 
progress. Our latest results using the Mo2C catalyst indicate quantitative removal of all nitrogen and 
oxygen compounds that can be detected using 2D nuclear magnetic resonance. We are waiting for 
elemental analysis of the corresponding upgraded oils and currently anticipate that they will meet or 
exceed BP2 milestones. Moreover, this new result was obtained from biocrude resulting from 
hydrothermal processing of an Army surrogate food waste mixture that results in a highly viscous, tar-
like substance. The tar-like substance is difficult to process, which has necessitated substantial effort to 
enable its study under upgrading conditions. Subsequent work on hospital food waste and prison food 
waste, described later in this response, produces a less viscous biocrude that should be much easier to 
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work with than the tar-like biocrude obtained from the Army surrogate mixture. We plan to evaluate 
upgrading of the prison food waste and hospital food waste biocrudes in the next several weeks.  

Several reviewers expressed concern about feed selection and procurement. At the time of the review, 
we had already evaluated hospital food waste, both in batch and continuous processes. The hospital food 
waste is available dry, which is a distinct advantage for an R&D project since the dry feed is easily 
frozen and stored to provide a single source with stable characteristics. The commercial process will not 
utilize dried feeds, and we recommend establishment of a wet-waste bank, similar to the one at Idaho 
National Laboratory for biomass, to standardize research in this area and take the burden off technology 
developers to procure and characterize their waste streams. One aspect of the wet-waste bank would be 
to evaluate the effect of drying on yields obtained from different conversion processes, namely HTL and 
AD—and potentially others as they reach sufficient levels of maturity. Since the time of the Peer 
Review, we secured approximately 10 kg of undried prison food waste with help from PNNL. The prison 
food waste is sufficient for all immediate needs, and we have already evaluated HTL processing of 
prison food waste. We find that the biocrude yield is >50%, with the second stage of catalytic upgrading 
of the aqueous phase contributing approximately 10 percentage points to this yield. Processing of 
hospital food waste results in 40% biocrude yields (by total mass); addition of green waste does not 
detract from the biocrude yield obtained with hospital food waste, provided that the green waste is 
present at loadings less than 25 wt %. For BP3 activities, advisory board member Republic Services can 
provide tons of food waste, as necessary. One challenge with using a different feed for batch and 
continuous tests is different biocrude yields arising from the different compositions. In parallel with 
experimental efforts, we are finalizing a machine-learning regression analysis of more than 500 
published data points to predict biocrude yield from composition information. We will use this 
regression to target conditions of specific interest for experimental investigation and to predict 
performance of new waste streams necessary for continuous tests in BP3.  

Some concerns were raised about the TEA, the relationship with previous work done by PNNL, and the 
inclusion of a food waste tipping fee. This comment likely results from a lack of clarity on our part. We 
have used the PNNL TEA of the HTL process as a starting point, duplicating none of their effort. We 
then did several analyses: (1) replaced key data with our results to evaluate the response of MFSP to new 
technology, (2) added costs associated with the catalyst, (3) analyzed effects of learning rates and 
transportation on optimal HTL scale, and (4) implemented more rigorous methods to capture 
technological uncertainty. Due to the constraints of the Peer Review, we were not able to explain all of 
these activities in depth. However, each of these activities has added value to the original work done by 
PNNL, without—to our knowledge—duplicating any of it. As for including the food waste tipping fee, 
members of our advisory board have advised us that a cost on the order of $25/ton is likely to be 
representative, a figure that includes tipping fee and transportation. At present, we have not included the 
tipping fee in our analyses for the simple reason that our focus has been on the effects of technological 
improvements on MFSP. Decreasing MFSP by changing a cell in an Excel worksheet would not capture 
technological improvement, even if the resulting cost would be more representative of what we can 
expect. In the future, we can report both values—i.e., with and without the tipping fee. 
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DEVELOP AN EFFICIENT AND COST-EFFECTIVE NOVEL ANAEROBIC 
DIGESTION SYSTEM PRODUCING HIGH PURITY OF METHANE FROM 
DIVERSE WASTE BIOMASS 
Washington State University 

PROJECT DESCRIPTION 
The lack of cost-effective AD technology is a major 
hurdle for converting organic wastes to RNG. This 
project aims at developing a novel AD system to 
increase methane yield, productivity, and purity 
through process intensification. This system takes the 
synergistic advantages of innovative process 
engineering and thermophilic anaerobic 
microorganisms to: (1) overcome the recalcitrance of waste biomass through hydrothermal pretreatment, (2) 
enhance biological conversion rates by using hyperthermophilic microbial communities, (3) perform in situ 
purification of biogas through methanogenesis under pressure, and (4) relieve inhibition by recovering 
ammonia as fertilizer. This novel system is expected to have a near-term commercialization potential by 
significantly reducing the cost of biogas-based RNG production. The project team includes Washington State 
University, Pacific Northwest National Laboratory, Regenis LLC, and DVO, Inc. The active participation of 
the industry partners makes it possible to use existing AD systems as baseline technology and fast technology 
transfer and commercialization of the novel technology. 

The project is expected to produce significant impacts. The proposed novel AD system offers a new platform 
to DOE’s technology portfolio for production of RNG from different types of organic wastes. The project 
results will lead to critical data for advancing the technology from technology readiness level 3 to 5, 
decreasing the risk factor in commercializing the technology. Success in this project will remove several key 
technical barriers and lead to economic development opportunities by creating values from the immense 
amount of waste biomass. The project also benefits the federal government, as this effort aligns well with the 
priorities of several governmental agencies, especially those of BETO.  

WBS: 5.1.3.204 

Presenter(s): Shulin Chen 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2023 

Total DOE Funding: $2,273,052 
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Photo courtesy of Washington State University 

COMMENTS 
• Good management plan. Risks and risk mitigation strategies were identified. Would like to see a process 

flow diagram and mass balance. Would like an explanation of what “highly severity conditions” means 
as it relates to the dairy waste disintegration. The biogas yield is specified relative to volatile solids, but I 
am unclear as to whether that is volatile solids fed or volatile solids destroyed. If there are any recycle 
streams to the WRRF, they should be identified. 
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• Progress is appropriate for a project that just got started. Work seems to be preceding at the scheduled 
rate. Project has engaged with good commercial partners and appears poised to transition work out of the 
laboratory and into the marketplace. Could spend a bit more time clearly aligning goals with those stated 
by BETO; minor quibble. Performer is tackling critical challenges in the continued commercialization of 
AD technologies. Industrial partner is providing operational data, and appears to be actively involved in 
this project. Feedback loop is tight (in a good way). Seem to have a strong management team and plan in 
place. Reasonably discussed their risks. Were quite candid throughout the presentation, which bodes well 
for the communication needs that will arise throughout this project. Early work has been on manure 
(building on DVO’s expertise), with subsequent moves to biosolids and food waste as elements of the 
feedstock. Ultimately, this is quite early in trying to adequately judge this project, but project seems to be 
well positioned at this early stage. 

• Strengths: Strong interdisciplinary team with value-add industry partners as consultants. Sound 
communication plan with all research parties. The project appears to bring a novel approach of 
combining hydrotreating with thermophilic anaerobic digestion for enhanced methane production. 
Valuable advancement of fibrous treatment for increased carbon availability in biogas upgrade.  

Weaknesses: It would have been valuable to discuss the scale-up challenges that are likely to arise and 
how the research team would work to mitigate these risks through the project (e.g., the challenges of 
integrating and running continuous thermophilic digestion at scale). There is concern that the 
incorporation of energy-intensive unit operations (e.g., hydrotreating, thermophilic digestion) will result 
in prohibitive economics for commercial application. It is encouraged that the industry partners are 
leveraged for validation of the process economics for determination of viability (due to high operational 
cost expectations). 

• The project just started about 4 months ago. The management approach is clear. It sounded like the 
addition of Basecamp for project management has come since the project started; hopefully this is not an 
indication of management issues. The involvement of industry partners is excellent and will enhance the 
relevance of the project and the use of the results. The results are impressive for such a recently started 
project. There is definitely work to be done, but it is good to see things starting well. 

• This project aims to improve the methane yield and reduce the retention time of AD for various waste 
feedstocks while also managing the fate of nitrogen. The management appears to be appropriate, and it is 
good to see the inclusion and participation of important and relevant industry partners associated with 
designing and installing digesters. Their assistance should help guide the research and hopefully will 
allow a more credible path to incorporation of any experimental success within commercial applications. 
The general concept behind this project is understood and commendable (particularly the attention given 
to ammonia recovery), but there are many details that are missing. The specific tasks for this project are 
not clearly stated, although the cost, yield, and residence time metrics are clear. There are no photos, 
diagrams, or descriptions of the experimental setup or what specifically is being done. The system is 
described as being novel, but it is unclear exactly what it consists of or what the novelty is—for example, 
is it the hyperthermophilic microbes or the reactor(s) design? Similarly, it is good to see some results 
already only a few months after the project start, but it is difficult to verify the claims made based on the 
data shown. Graphs and legends in several cases were not adequately labeled, making it hard to interpret 
the message. Also, milestones are given in terms of a concentration, but the supporting data shown are as 
a percent recovered (or vice versa), making it difficult to confirm achievement. The future work slide is 
not sufficiently detailed. The overall impact of this project is moderate; the increased yield and reduced 
retention time will be significant if successful, but the lack of ability to retrofit existing AD plants may 
slow implementation, and the ultimate biogas product is of relatively low value from the perspective of 
BETO’s mission. 
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PI RESPONSE TO REVIEWER COMMENTS 
• The research team thanks the reviewers for the constructive comments. The research team concurs with 

the panel on the challenges of scale-up and integration of the system and will capitalize on the 
experience and expertise of the industrial partners in addressing these challenges. The team will include 
as much as possible specific tasks, descriptions of the system, energy and cost analysis, and discussions 
about the data obtained in future presentations and reports. 



PERFORMANCE-ADVANTAGED BIOPRODUCTS, 
BIOPROCESSING SEPARATIONS, AND PLASTICS
TECHNOLOGY AREA



2021 PROJECT PEER REVIEW 

 

1027 PERFORMANCE-ADVANTAGED BIOPRODUCTS, 
BIOPROCESSING SEPARATIONS, AND PLASTICS 

CONTENTS 
INTRODUCTION ...................................................................................................................................... 1028 

PERFORMANCE-ADVANTAGED BIOPRODUCTS, BIOPROCESSING SEPARATIONS, AND PLASTICS 
REVIEW PANEL ................................................................................................................................ 1028 

PERFORMANCE-ADVANTAGED BIOPRODUCTS, BIOPROCESSING SEPARATIONS, AND PLASTICS 
REVIEW PANEL SUMMARY REPORT .............................................................................................. 1029 

PERFORMANCE-ADVANTAGED BIOPRODUCTS, BIOPROCESSING SEPARATIONS, AND PLASTICS 
PROGRAMMATIC RESPONSE ......................................................................................................... 1033 

UPCYCLING OF CFRP WASTE: VIABLE ECO-FRIENDLY CHEMICAL RECYCLING AND MANUFACTURING 
OF NOVEL REPAIRABLE AND RECYCLABLE COMPOSITES ........................................................... 1036 

RECYCLABLE THERMOSET POLYMERS FROM LIGNIN-DERIVED PHENOLS ...................................... 1040 

BIOINSECTICIDES FROM THERMOCHEMICAL BIOMASS CONVERSION ............................................. 1045 

DESIGN AND DEVELOPMENT OF BIO-ADVANTAGED VITRIMERS AS CLOSED-LOOP BIOPRODUCTS
 ......................................................................................................................................................... 1050 

BIOCONVERSION OF HETEROGENEOUS POLYESTER WASTES TO HIGH-VALUE CHEMICAL PRODUCTS
 ......................................................................................................................................................... 1054 

RENEWABLE CARBON FIBERS CONSORTIUM ..................................................................................... 1059 

FERMENTATIVE PRODUCTION OF TULIPALIN A: A NEXT-GENERATION, SUSTAINABLE MONOMER THAT 
DRASTICALLY IMPROVES THE PERFORMANCE OF PMMA ........................................................... 1062 

SYNTHESIS AND ANALYSIS OF PERFORMANCE-ADVANTAGED BIOPRODUCTS ................................ 1066 

BIO-OPTIMIZED TECHNOLOGIES TO KEEP THERMOPLASTICS OUT OF LANDFILLS AND THE 
ENVIRONMENT (BOTTLE) ............................................................................................................... 1071 

RESIN: RESPONSIBLE INNOVATION FOR HIGHLY RECYCLABLE PLASTICS ....................................... 1078 

INVERSE BIOPOLYMER DESIGN THROUGH MACHINE LEARNING AND MOLECULAR SIMULATION . 1084 

IDENTIFYING PERFORMANCE ADVANTAGED BIO-BASED CHEMICALS UTILIZING BIOPRIVILEGED 
MOLECULES .................................................................................................................................... 1088 

SEPARATIONS CONSORTIUM ............................................................................................................... 1091 

LIGNIN-RICH STREAM FRACTIONATION AND PURIFICATION .............................................................. 1095 

VOLATILE PRODUCTS RECOVERY ......................................................................................................... 1099 

REDOX-BASED ELECTROCHEMICAL SEPARATIONS ............................................................................ 1103 

2,3-BUTANEDIOL SEPARATIONS .......................................................................................................... 1108 

COUNTERCURRENT CHROMATOGRAPHY ............................................................................................ 1111 

MELT-STABLE ENGINEERED LIGNIN THERMOPLASTIC:  A PRINTABLE RESIN .................................. 1115 

CELLULOSE-CHITIN COMPOSITES FOR PERFORMANCE ADVANTAGED BARRIER PACKAGING 
BIOPRODUCTS ................................................................................................................................ 1119 

 



2021 PROJECT PEER REVIEW 

 

1028 PERFORMANCE-ADVANTAGED BIOPRODUCTS, 
BIOPROCESSING SEPARATIONS, AND PLASTICS 

INTRODUCTION 
The Performance-Advantaged Bioproducts, Bioprocessing Separations, and Plastics Technology Area is one of 
12 technology areas that were reviewed during the 2021 Bioenergy Technologies Office (BETO) Project Peer 
Review, which took place virtually March 8–12, March 15–16, and March 22–26, 2021. A total of 20 
presentations were reviewed in the Performance-Advantaged Bioproducts, Bioprocessing Separations, and 
Plastics session by seven external experts from industry, academia, and other government agencies. For 
information about the structure, strategy, and implementation of the technology area and its relation to BETO’s 
overall mission, please refer the corresponding Program and Technology Area Overview presentation slide 
decks, which can be accessed here: https://www.energy.gov/eere/bioenergy/2021-project-peer-review-
performance-advantaged-bioproducts-bioprocessing. 

This review addressed a total U.S. Department of Energy (DOE) investment value of $40.9 million, which 
represents approximately 6% of the BETO portfolio reviewed during the 2021 Peer Review. During the Project 
Peer Review meeting, the presenter for each project was given 30 minutes to deliver a presentation and 
respond to questions from the Review Panel.  

Projects were evaluated and scored for their project management, approach, impact, and progress and 
outcomes. This section of the report contains the Review Panel Summary Report, the Technology Area 
Programmatic Response, and the full results of the Project Review, including scoring information for each 
project, comments from each reviewer, and the response provided by the project team.  

BETO designated Gayle Bentley as the Performance-Advantaged Bioproducts, Bioprocessing Separations, and 
Plastics Technology Area Review Lead, with contractor support from Ben Simon (Boston Government 
Services). In this capacity, Gayle Bentley was responsible for all aspects of review planning and 
implementation. 

 

PERFORMANCE-ADVANTAGED BIOPRODUCTS, BIOPROCESSING 
SEPARATIONS, AND PLASTICS REVIEW PANEL 
Name Affiliation 
Matt Tobin* Independent consultant—Formerly: Lygos, Amyris, and 

Codexis  

Peter Keeling Iowa State University 

Karen Draths Michigan State University 

Ray Miller Independent consultant—Formerly: DuPont 

Bill Orts U.S. Department of Agriculture 

Sharon Haynie Independent consultant—Formerly: DuPont and University 
of Delaware 

Paul Bryan Independent consultant—Formerly BETO, Sandia National 
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https://www.energy.gov/eere/bioenergy/2021-project-peer-review-performance-advantaged-bioproducts-bioprocessing
https://www.energy.gov/eere/bioenergy/2021-project-peer-review-performance-advantaged-bioproducts-bioprocessing
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PERFORMANCE-ADVANTAGED BIOPRODUCTS, BIOPROCESSING 
SEPARATIONS, AND PLASTICS REVIEW PANEL SUMMARY REPORT  
Prepared by the Performance-Advantaged Bioproducts, Bioprocessing Separations, and Plastics Review Panel 

INTRODUCTION 
The Review Panel was impressed with the overall strategy, technical quality, implementation, and progress on 
projects presented at the Peer Review. This is a wide-ranging technology area with appropriate breadth and 
strong science evident across the three programs. In the words of one reviewer, “There is a lot to like here.”  

The review process was coordinated effectively by the technology manager, especially given the first-time 
virtual setting. Presenters were provided with a master slide deck, aiding presentation quality. Suggested 
upgrades would be to include technology readiness levels (TRLs) at the project start, present, and finish on 
quad charts, and more use of process diagrams. Use of the Heilmeier Catechism was effective in the project 
framing. For question-and-answer (Q&A) sessions, the panel and presenters engaged in productive 
discussions. The Review Panel used a separate communication channel during the review process, which was 
especially helpful in coordinating Q&A sessions. Suggestions from previous feedback appeared to be 
incorporated, most notably the addition of a plastics consortium and improved management practices. 

The Review Panel members represented a range of backgrounds to cover the broad scope of the technology 
area, each panelist bringing their own lens to the review (science and technology, process and separations, 
commercialization, project management expertise). Despite different backgrounds, individual reviewers were 
often aligned on relative ratings, with some variation and exceptions that are detailed in the report. In addition 
to sound science and technology, Review Panel members were aligned on the importance of the ability to scale 
and economic advantage. Considerable weight was placed on engagement of industrial advisors; projects with 
appropriate industrial inputs tended to be strongest.  

This technology area summary provides only a high-level view. More detailed individual reviewer feedback 
can be found in the project reviews that follow. Principal investigator (PI) responses to reviewer comments are 
equally important, providing clarifications and information that may not have been anticipated or selected for 
inclusion in the original presentations, where strict time limitations were applied. 

STRATEGY 
Overall Strategy 
The overarching goal of BETO is to dramatically reduce carbon emissions that affect climate change. Burning 
fossil carbon for transportation, energy generation, and in chemical manufacture produces significant point 
sources of those emissions. Reducing fossil carbon utilization in plastics, chemical products, and in separations 
can also contribute meaningful reductions to the overall carbon emissions, which is in line with the strategy. 
The three component programs within the technology area contribute to the strategy by discovering and 
developing potential replacement performance-advantaged bioproducts (PABPs), plastics, and processes. 
Funding opportunity announcement (FOA)- and annual operating plan (AOP)-funded projects are represented, 
each with control mechanisms appropriate for their charter. For example, the AOP funding has some autonomy 
in their verifications; the three-step verifications for FOA projects apply a “stress” test in the very beginning to 
ensure good probability of success and can identify issues at an early stage.  
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Performance-Advantaged Bioproducts Strategy  
The PABP program is identifying and producing a sensible variety of higher-value, performance-advantaged 
bioproducts. These may be integrated with biofuels production in a biorefinery, where the valorization of 
feedstock components that are otherwise underutilized or discarded is an opportunity to improve economics. 
Industry tends to favor tried-and-true incumbent products to limit risk, so new products and processes with 
performance and economic advantages are best positioned to compete. Funding is well balanced between AOP 
and FOA mechanisms, and the use of consortia that bring together a range of expertise and capabilities is an 
excellent use of funds. Most projects have utilized industrial input, but the strategy involved in prioritizing 
targets might further benefit by involving materials experts/advisors early on in the process. Utilization of 
business metrics in prioritization—return on investment, net present value, along with more rigorous techno-
economic analysis (TEA)—earlier in the process would help to focus investment on the best opportunities. A 
prototyping philosophy would be useful to develop minimum viable products, which would be early-stage 
prototypes with some basic features that can be provided for external validation and feedback for improvement 
(or redesign).  

Bioprocessing Separations Strategy 
Separations can account for 50% or more of the capital and energy consumption in process operations, often 
rendering processes and biorefineries unprofitable. This provides a clear mandate for the program: identify and 
develop separations technologies that can be scaled economically, ideally applicable across products 
(crosscutting). Separations that cover diverse needs are in scope—upstream (feedstock) and downstream 
recovery (product). These technologies are also useful for prototyping. A TEA/life cycle assessment (LCA) 
component is being used to quantify potential impacts. AOP funding is appropriate because shared resources 
would be difficult to duplicate under the FOA structure. The program solicits industry input, but the 
Separations program has gaps that would benefit from upgraded consultation from commercially experienced 
parties. These are discussed more thoroughly in the project reviews that follow. 

Plastics Strategy  
Based on the draft Plastics Innovation Challenge Roadmap, program objectives address the end-of-life fate of 
most plastics, achieve >75% carbon utilization from plastic waste, develop cost-competitive recyclable-by-
design plastics, and reduce energy consumption by 50% relative to virgin material production. A metric for 
greenhouse gas (GHG) reduction is also being developed. These are ambitious targets, but they inform 
program mission, goals, and targets. To achieve strategic outcomes, the program addresses the minimization of 
nonrecyclable plastic waste by developing technologies to deconstruct plastic waste streams and recover 
reusable material, identifying new circular-use plastics and developing energy-efficient production, including 
bio-based approaches. The panel was enthusiastic about the plastics program strategy overall, with some 
different opinions on scope and potential gaps. For example, although they represent a major part of the waste 
stream, polyethylene terephthalate (PET)-containing fabrics are not included in the feedstock strategy. 
Chemical or thermochemical recycle of waste plastics to manufacture monomers and fuel precursors is also a 
potential technology gap. The panel expressed considerable concern that plastic waste recycle is not addressed. 
Success of programs with waste recycle inputs will depend on vastly improved mixed plastic waste recovery 
and sorting (ideally not only from land but also oceans). It is debatable if this belongs within the program; 
what is not debatable is that the environmental impact of waste plastics is a severe problem in need of 
immediate mitigation. Ultimately, policy that drives industry and public behavior is needed to achieve 
widespread commercial adoption. Breakthroughs achieved within the plastics program could provide 
considerable “technology push” to catalyze policy development. The overall level of funding is appropriate for 
such a large mission, with funding mechanisms split between the BOTTLE™ (Bio-Optimized Technologies to 
keep Thermoplastics out of Landfills and the Environment) Consortium and FOAs. Current funding leans 
toward BOTTLE, appropriate at this stage to best leverage national laboratory expertise to build a technology 
foundation. Industry and stakeholder inputs are generally solicited to develop strategy. Ideally, stakeholders 
should include not only new entrants trying to replace incumbent technology but also incumbents themselves 
who have technical, scale-up, and market expertise. 
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STRATEGY IMPLEMENTATION AND PROGRESS 
Overall Implementation and Progress 
The range of projects in this technology area is impressive. Projects are tied to its strategic direction, and many 
are at the technological leading edge in their fields. Projects themselves have clear goals to develop robust 
technologies and processes, and they track progress with defined decision points. Projects are generally on 
track in their progress, and the likelihood of achieving near- to mid-term goals is broadly favorable. Most 
feedstocks under consideration are derived from land-based sources. Consideration of ocean-derived plants 
would offer more diversification—for example, kelp or related large seaweed sources, which have the added 
benefit of not using land, fertilizer, or fresh water to grow, therefore conserving those resources for food 
production. These types of plants offer both lignocellulose and alginate polysaccharide sources. 

The technology area is well managed; the director has good working relationships with the PIs and an 
understanding of the progresses and challenges of each project. The creation of consortia in each program was 
very well received by the Review Panel. In every program area, there are appropriate mechanisms to leverage 
cross-laboratory resources and knowledge. In general, project management practices have improved and even 
excelled in some projects. Effective project coordination is reflected by clear management structures and 
communication plans, especially benefiting multi-institutional and geographically dispersed projects. This has 
been particularly important because in-person exchanges have been affected by the COVID-19 pandemic 
restrictions. Concerning risk management, although risk identification was satisfactory, risk rating, ranking, 
and mitigation are improvement opportunities for some projects. Stakeholder input from industrial or other 
appropriate advisors has been key to develop technologies with the potential for commercial impact and 
industry engagement. The strongest projects tend to have stakeholder input from the outset and on a continuing 
basis relative to those with less (or delayed) input.  

The panel would like to emphasize the importance of active management in making timely difficult go/no-go 
decisions so that efforts can be directed to the most impactful areas. Overreliance on a favorite tool should be 
on management’s radar; there is some precedent for this in the national laboratories and elsewhere. There may 
be opportunities for improvement in the portfolio selection and management process by employing more of a 
business lens—for example, developing metrics such as return on investment and net present value to select 
and rank opportunities. 

Performance-Advantaged Bioproducts—Strategy Implementation and Progress 
The Review Panel reacted favorably to the funding of a wide range of innovative projects at different stages of 
development, including cutting-edge predictive technologies, such as machine learning to identify a variety of 
PABPs, biosynthetic routes, materials discovery and synthesis, and pilot scale-up. Much of the program is 
focused on the identification of multiple PABPs, several of which could spin out into future projects. The 
approach, when fully developed, could open up many renewable and sustainable replacements for polymers, 
plasticizers, and additives. Highly targeted projects are included in the portfolio (the pilot-scale development 
of polyacrylonitrile and the Tulipalin A enzymatic pathway project). FOA-funded projects are nicely 
diversified: designing bio-advantaged vitrimers as closed-loop bioproducts, the “bioprivileged” molecule 
discovery project, the Tulipalin A project, and the cellulose-chitin composite project for barrier packaging 
applications. 

Diverse feedstocks are represented, including lignin, cellulose, fermentable sugars, and chitin. The latter is 
unique within the program, being the only non-land feedstock (mainly derived from shellfish exoskeletons, 
which are a significant volume waste product). Lignin-based projects, which include lignin-derived 
thermoplastics and bioinsecticides, are attempting to address the challenges associated with complex mixtures 
of molecules by avoiding the need to separate each component. This could be an exciting development if 
successful because it would decrease the operations and costs of purifying more specific lignin streams; 
however, the availability and variability of lignin streams presents a significant risk to lignin programs.  
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Progress across the PABP program was generally viewed as on track by the panel, with a good probability of 
short- and medium-term success. Projects receiving the highest overall scores were Synthesis and Analysis of 
Performance-Advantaged Bioproducts, the Renewable Carbon Fibers Consortium, and the Inverse Biopolymer 
Design Through Machine Learning and Molecular Simulation projects. All projects in the area received overall 
favorable ratings, with some differences in panel feedback. Projects with the largest rating variances were the 
Melt-Stable Engineered Lignin Thermoplastic and the Bioinsecticides projects. Deeper insight into reviewer 
feedback is available in the individual project reviews. 

In the long term, new PABPs will face commercial adoption hurdles, particularly in applications where high-
performance materials and/or purity specifications are essential. Key questions remain regarding scale-up and 
how PABPs match up with biorefinery scale and location. 

Bioprocessing Separations Implementation and Progress 
A broad mix of technologies for solid, liquid, and vapor phase separations are represented in the program. The 
Separations Consortium is proving to be a great way to leverage the cutting-edge expertise of the national 
laboratories. Due to its management effectiveness, approach, progress, and potential for impact, it received the 
highest combined score in the technology area review. Progress on near- to mid-term goals is generally on 
track. Although industry engagement appeared reasonably well represented, some gaps were highlighted. 
Notably, members of the Review Panel were not in agreement with the 2,3-Butanediol Separations project 
TEA. This highlights an opportunity to improve industry engagement at early project stages to obtain critical 
feedback and a reality check on what is scalable. The Review Panel suggested adding other technologies to the 
list under consideration, including reactive distillation, centrifugal enhanced heat transfer and extraction, and 
flash recovery from volatile pressurized extraction media. 

Plastics Strategy Implementation and Progress 
The plastics program includes a broad basket of projects at different levels of development (many at very 
early-stage TRL). Analyses of different plastics across performance and TEA/LCA metrics are being 
performed, with several targeted within the program for recycle and/or replacement. The portfolio includes 
projects using diverse feedstocks (recovered plastics, carbon fiber reinforced epoxy composite [CFRP], and 
biomass components such as lignin). The portfolio is aligned with the strategic direction, is actively managed, 
and is making good progress. The formation and progress of the BOTTLE Consortium was particularly well 
received by the Review Panel. This consortium is making significant progress and is capable of high impact 
across a large spectrum of plastics, although with its complex array of targets, active management decisions 
are likely to be needed. The Responsible Innovation for Highly Recyclable Plastics (ResIn) project is also rated 
highly, with very promising progress using a computational approach to discover pathways to biomanufacture 
biodegradable polyurethanes (PU).  

As with other programs, market size and relative valuations of products were at the forefront of reviewer 
scrutiny, as was availability of the required feedstock for each process. For example, polyester polyurethanes 
may offer higher-value outlets and be more recycle-friendly than replacements for isocyanate polyurethanes; 
market size of thermosets (and carbon fiber reinforced thermoset plastics) appear relatively small in the total 
reinforced engineering plastics markets today. Regarding feedstocks, attaining efficient recovery of waste 
feedstocks at scale (including lignin, mixed wastes, and dispersed waste in oceans) is a necessary precondition 
to enable the commercial adoption of those projects requiring them.  

There were some differences of opinion from the Review Panel. For example, some reviewers were impressed 
by the innovative science and potential of the biological PET degradation efforts, whereas others were doubtful 
that the enzymatic approach to depolymerize mixed wastes into useful monomers could be competitive with 
existing chemical recycle processes. An apparent duplication of effort was also noted on this approach between 
BOTTLE and the Bioconversion of Heterogenous Polymer Waste project. A concern over 
polyhydroxyalkanoates (PHAs) as part of the plastics program was flagged due to their current performance 
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and commercial shortcomings, although developing performance-advantaged PHAs appears to be under 
consideration.  

Overall, the plastics program is viewed as a solid effort to address key challenges that are barriers for 
transformative breakthroughs to achieve a low-carbon circular plastics economy. Given its complexity and 
size, a disciplined active management approach is required to focus on the most promising areas, including 
early-stage TRL projects to supply a pipeline of promising technologies, and sunsetting those that may not 
fulfill expectations. 

RECOMMENDATIONS 
What are the top three most important recommendations that would strengthen the 
portfolio in the near to medium term? 

 
• The availability of feedstocks from plastic waste recycle/recovery is particularly uncertain, so it is worth 

considering how the technology area can influence this. Coordination and collaboration across 
government funding agencies (e.g., National Science Foundation/DOE Office of Energy Efficiency and 
Renewable Energy) and R&D development arms of agencies (e.g., U.S. Department of Transportation, 
U.S. Environmental Protection Agency) would be an efficient use of taxpayer dollars. 

• Ensure the best use of industry/commercial/subject matter experts and robust industry advisory boards 
(IABs) from the onset of projects and throughout. This has improved over previous years but continues 
to vary, so there is room for upgrading and universal best practices. There were examples where this 
would have meaningfully improved project/product selection and design. It is not enough that 
appropriate advisors are involved; the communication process must be optimized to make the most of 
their expertise. Materials experts are a specific area to consider. 

• Introduce the concept of prototyping. Aim to identify products and technologies that can be put into the 
hands of “customers,” where appropriate, to test at early and regular time points. This would also be 
helpful in identifying meaningful decision points. 

 

PERFORMANCE-ADVANTAGED BIOPRODUCTS, BIOPROCESSING 
SEPARATIONS, AND PLASTICS PROGRAMMATIC RESPONSE 
INTRODUCTION 
The program thanks the reviewers for their dedication and thoughtful review of this diverse portfolio. BETO 
appreciates the reviewers’ efforts and expert recommendations. The program agrees with reviewers that the 
Performance-Advantaged Bioproducts, Bioprocessing Separations, and Plastics portfolio can collectively 
advance the deployment of technologies critical to decarbonizing industry through discovering and developing 
potential replacement PABPs, plastics, and processes, as stated by the reviewers. BETO also agrees that 
continued industry engagement and the adoption of industry terminology may help further accelerate the 
deployment of BETO technologies. Specific recommendations and feedback will be discussed and considered 
when working on future project selection and program design, as future appropriations allow. For each 
recommendation, BETO provided a general response, followed by some specific examples of how they will be 
integrated into the two technology areas covered in the session. 
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Recommendation 1: Address availability of feedstocks from plastic waste 
recycle/recovery. 
The program thanks the reviewers for raising this concern. It will be critical to the success of BETO and DOE 
plastics efforts to enable the efficient conversion of waste plastic into value-added materials, or even fuels. 
There is an enormous reservoir of plastic waste that could be potentially converted into higher-value products 
in a market-driven manner. Even with increased recycling and reduced plastic use, the rate of plastic waste 
production is anticipated to grow at a dramatic rate. New technologies to address existing plastic waste and to 
preventing new waste from accumulating will be critical.  

As the reviewers highlighted, plastic waste is a challenging feedstock. One of the first steps in addressing this 
challenge is developing a baseline understanding of the scale and characteristics of plastic waste as a potential 
feedstock. BETO, in coordination with other DOE offices, including the Advanced Manufacturing Office and 
Water Power Technologies Office, has already begun a resource characterization of plastic waste. One study is 
evaluating the geographic distribution of plastic waste to better understand where plastic waste is produced, in 
what quantity, and where it is processed. Another study is focused on characterizing plastic entry into 
waterways. Additionally, a recent study published by members of the BOTTLE Consortium calculated the 
GHG and energy demands of plastic production across the plastic life cycle. This study clearly outlined the 
potential opportunity to reduce the GHG emissions associated with plastics use. Additional studies will further 
characterize the opportunity and challenges associated with plastic waste. These studies will be leveraged 
heavily in determining BETO’s strategic direction in this area to ensure that federal funds are used to tackle the 
most pressing issues. 

Beyond these DOE efforts, BETO is actively coordinating with representatives from the U.S. Environmental 
Protection Agency, the U.S. Department of State, the National Science Foundation, and the National Institute 
of Standards and Technology to ensure our efforts are complementary to other agencies. BETO plans to 
continue coordination with these agencies as well as expand coordination to other agencies and organizations.  

Recommendation 2: More integration of industry engagement. 
BETO thanks the reviewers for recognizing improvements in industry engagement and involvement in recent 
years. BETO has encouraged increased industry engagement and will continue to ensure our research activities 
are informed by industry stakeholders.  

BETO employs two primary mechanisms to ensure direct collaboration and investment from industry: cost 
share and directed funding opportunities (DFOs). BETO requires all FOA recipients to contribute cost share. 
By requiring cost share, applicants must identify an industry partner willing to contribute their own funds or 
efforts to the proposed project. As a result, our FOA recipients in recent years have increasingly developed 
meaningful collaborations with industry, providing a shorter path to commercializing new technologies and 
integrating industry perspectives into the core project design.  

DFOs provide an opportunity for industry to engage directly with BETO’s core AOP projects. In this panel, 
the Bioprocessing Separations Consortium has hosted DFOs in order to leverage the consortium’s capabilities 
to solve pressing challenges facing industry. The successes from this effort were highlighted in the 
Bioprocessing Separations Consortium’s overview presentation. For example, the consortium developed 
various separations approaches for glucaric acid purification from fermentation broth for the industry partner 
Kalion. The consortium’s expertise was able to solve a real problem facing this company, integrally connecting 
industry needs with the consortium’s activities. 

Beyond these project-level mechanisms, BETO also regularly solicits feedback from relevant stakeholders by 
hosting requests for information (RFIs) and workshops/listening days. An RFI was released in 2020 to solicit 
feedback from relevant stakeholders on the key priority areas facing bioprocessing separations. A total of 13 
responses were submitted, 6 from industry. Information from this RFI was used to shape BETO’s Fiscal Year 
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2021 FOA, to ensure that industry feedback informs BETO’s funding solicitations. Another RFI was released 
in 2021 to solicit feedback on DOE’s strategy for plastics, as detailed in the draft Plastics Innovation Challenge 
Roadmap. This RFI received 43 responses, with 15 from industry. Responses from this RFI were used to 
inform DOE’s (and BETO’s) Plastics Innovation Challenge R&D Strategy. 

Workshops and listening days are one other mechanism that BETO uses to engage industry. The Bioprocessing 
Separations Consortium hosted an Industry Listening Day in July 2021. This event brought stakeholders from 
academia, industry, and national laboratories together to identify key opportunities for separations research. 
Prior to the official launch of the BOTTLE Consortium, BETO and the Advanced Manufacturing Office 
hosted a workshop in 2019, Plastics for the Circular Economy Workshop, focused on soliciting feedback from 
stakeholders on the key challenges and opportunities facing plastics research. The feedback from that 
workshop was published in a report and has provided key information to BETO during strategic planning 
efforts.  

Although BETO has worked to improve industry involvement, BETO appreciates the constructive feedback 
that these efforts have further room for improvement. BETO agrees that beyond involving advisors, clear 
communication channels must be established to fully leverage the expertise of the advisors. Reviewers also 
highlighted the need for materials experts, in particular. This is a helpful perspective, and BETO will ensure a 
range of advisor expertise is represented in any advisory group. One point BETO would like to highlight that 
was not addressed by reviewers is diversity and inclusion. BETO has made it a priority to improve diversity, 
equity, and inclusion in all efforts. BETO will encourage consortia and FOA applicants to consider diversity 
and inclusion in industry engagement. Inclusion, beyond diversity, may be one effective mechanism to ensure 
that all perspectives are reflected.  

Recommendation 3: Introduce prototyping. 
BETO thanks the reviewers for this suggestion. Several BETO technologies have shown substantial 
commercial interest and promise, including renewable acrylonitrile and performance-advantaged nylon. As 
part of the project scope, when appropriate, projects are encouraged to produce a demonstration-scale quantity 
of the product of interest. This recommendation complements these existing activities. BETO may consider 
incorporating a more formal prototyping pathway for the more applied projects.  

Related to prototyping, BETO supports the Energy I-Corps program, part of the Office of Technology 
Transitions. This program teams researchers with industry mentors for two months of training to develop 
technology transition skills, including defining value propositions, conducting customer interviews, and 
developing viable market pathways for the researchers’ own technologies.  

  

https://www.energy.gov/plastics-innovation-challenge/downloads/plastics-innovation-challenge-draft-roadmap-and-request
https://www.energy.gov/plastics-innovation-challenge/downloads/plastics-innovation-challenge-draft-roadmap-and-request
https://www.energy.gov/eere/bioenergy/downloads/plastics-circular-economy-workshop-summary-report
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UPCYCLING OF CFRP WASTE: VIABLE ECO-FRIENDLY CHEMICAL 
RECYCLING AND MANUFACTURING OF NOVEL REPAIRABLE AND 
RECYCLABLE COMPOSITES 
Washington State University 

PROJECT DESCRIPTION 
The rapid growth of the polymer composite market 
also propels researchers to find value-added 
applications for the out-of-date prepregs, 
manufacturing scraps, and end-of-life components. At 
present, most polymer composite wastes are disposed 
by burning or landfill. To make use of the residual 
value and reduce the burden to the environment, 
various mechanical, thermal, and chemical approaches have been attempted to recover fiber, matrix, or both; 
however, these current practices are disadvantageous due to low cost-effectiveness, energy inefficiency, 
generating secondary waste, and bringing new pollution problems. 

In this project, the researchers aim to develop a viable chemical recycling technology for carbon fiber 
reinforced epoxy composite (CFEP) wastes, which is eco-friendly, energy-efficient, and cost-effective in the 
breakdown of the matrix polymer structure and makes use of both recovered carbon fiber and decomposed 
matrix polymer in new advanced composite manufacturing. The key innovation resides in the integration of the 
mild chemical recycling of CFEP and the preparation of new composites.  

The success of this project will address the most significant cost/technology barriers for thermosetting 
composite recycling. With this technical research success, the developed technology will move from the lab 
scale to the small pilot scale in collaboration with commercial partners. We expect to advance the technology 
from current TRL 2–3 to TRL 5–6 by the end of this project. 

The project is led by Washington State University professor Jinwen Zhang, and the major team members 
include Tuan Liu, Michael Wolcott, both from Washington State University; Long Jiang, of North Dakota 
State University; and Kevin Simmons, of the Pacific Northwest National Laboratory (PNNL). 

WBS: 2.2.3.400 
Presenter(s): Jinwen Zhang 
Project Start Date: 10/01/2019 
Planned Project End Date: 12/31/2022 
Total DOE Funding: $1,609,883 
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COMMENTS 
• The research teams have adequate connections to each other and to the BETO project management, but 

they do not seem to be connected to other teams doing work in this area. It is not apparent how industry 
is connected to this research to guide the approach and transfer the results to future users. The risks—
such as supply, costs, and disposal of treatment materials—are not clearly identified, and their mitigation 
strategies are not adequately addressed. The collection and recovery of useful carbon fibers from CFRP 
is not adequately explained. The form of final recovered carbon fiber seems inconsistent with the 
recycling approach of compounding it with nylon 6. The performance and cost of new nylon 6 resins 
containing recovered carbon fiber is not compared to the performance of new materials to show 
incentive to collect, process, and recycle CFRP. Carbon fiber plastics is today a relatively small 
component in the total reinforced engineering plastics markets. A TEA is not presented to understand the 
relative competitiveness of this approach to recycling carbon fiber thermosets versus other options. They 
have made good progress in demonstrating the technical feasibility of the proposed approach for the 
stated objectives. 

• Management: The presentation covered the bare minimum about the makeup of the team. No 
information is provided about how this team communicates with each other, decides future steps, or 
adjust plans when contingencies are required. Some mention of specific corporate partners would 
strengthen this section. Approach: The experimental methods are appropriate, describing the basic 
technology. The flowchart is appreciated. Questions arise about where the water goes during the drying 
step (after decomposition) and how salty this water would be. This may be significant. Impact: In the 
project overview, citing an old forecast from 2014 to describe future demand for carbon fiber does not 
inspire confidence in the current relevance of this work. How much carbon fiber actually goes to 
landfills? Many larger pieces—including automobiles, boats, and airplanes—would likely not go to 
landfills. The presentation could have used some careful editing and/or a clear glossary to clarify things. 
As written, it is confusing and distracting. Some mention of how the substrates were obtained and/or a 
projection of how they would be recycled so that they arrive at some processing plant would be 
appreciated. Modeling of that step could show the expected cost points for making this process 
economical. Progress and outcomes: It is commendable that milestones 1.1–1.4 include the preparation 
of nylon 6 composites with the recyclates and preparation of new epoxy using decomposed polymer as 
reactive ingredient. This is good progress. Completion of the other milestones is on schedule as well. 
Patents and publications outline a good start to the work. 
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• Management: The management plan and implementation appear to be high level, and there is a well-
organized consortium (Washington State University, North Dakota State University, PNNL) and 
cooperation with an IAB. The team is showing good progress and appears to be well organized with 
clear management organization. Approach: There is substantial merit and significant potential in this 
approach of developing an eco-friendly, cost-efficient chemical recycling of carbon fiber composites. 
The aim is to develop a viable chemical recycling technology of CFEP wastes with reuse of the 
recyclates in new composites. Specifically, the plan is to integrate mild chemical recycling of CFEP by 
preswelling and delamination in order to prepare new composites. Impact: The project impact appears to 
be headed toward promising outcomes, with thorough review processes and deliverables in place. The 
chemical recycling, recovery, and reduced carbon footprint toward reuse all appear to be on track. A key 
future deliverable will be to identify significant cost/technology barriers for thermosetting composite 
recycling. Progress and outcomes: Results are showing great promise relative to milestones (effective 
degradation and delamination and partial milestone completion for reclaimed carbon fiber). The project 
appears to have coped well despite the COVID-19 impact, and progress and outcomes look promising. 
Critical future efforts will include the reuse of recyclate and economics. Partnering with companies 
would seem like a good addition for this project in order to focus on the kinds of metrics they would 
demand for recycling CFEP and the reuse of the nylons or fibers. 

• The management plan is only a rudimentary organizational chart. There is no risk mitigation plan. 
Approach: Not much is said about the choice of zinc acetate. Reusing the “catalyst” solution at least 
three times … what then? Disposal costs? There are some energy-intensive steps involved, and acetic 
acid has some MoC issues. The process diagram seems to show only one product, not two. Are the 
polymer and fiber recycled together? The impact would be substantial if beneficial use can be made of 
both carbon fiber and polymer matrix from recycled materials (assume costs, wastes, etc., are 
acceptable). The team has made good progress given the time, percentage costed, and challenging 
situation during the past year. 

• The project team provides a good general overview of carbon fiber recycling technology and a helpful 
pie chart displaying carbon fiber demand versus application. The project applies a team member’s 
proven zinc catalyst system to induce a mild chemical degradation that delaminates and degrades the 
thermoset without disrupting the carbon fiber’s structure, thus preserving its high value. This milder 
treatment will overcome deficits inherent in the incumbent approaches (thermal, mechanical, strong 
acid). The project status report could be significantly strengthened by: (1) providing at the outset a list of 
all the milestones with projected timing over the multiyear funding cycle; and (2) including more data 
details in their milestone progress summaries and frame completion or partially completed status in a 
more meaningful and measurable context (e.g., Milestone 2.1 and Milestone 3.1 have conditions 
described, but one is marked completed and the other partially completed). Generally, without the 
context, it is difficult to assess the significance of the milestones met. Finally, the team did not address 
the potential challenges and risk mitigation strategies. 

• The use of mild conditions to pretreat and depolymerize CFEP seems a marked improvement over more 
severe processes described in the literature, and it is innovative (patented). Inclusion of a process 
diagram is very helpful in understanding the project. The impact of a mild process is clear, as is its reuse 
of carbon fiber and matrix polymer. The project has made good progress on milestones and appears to be 
on track to date, with pretreatments demonstrated on automotive and aerospace CFEP degradation. It 
will be interesting to see how this material can be reused and how the process can scale to meet 
economic targets. The project has a clear management team and communication plan. Industry input was 
noted although not detailed; risk identification/mitigation planning was not detailed. 

• This project aims to provide energy-efficient, cost-effective recycling technology for CFRP and to 
recover and reuse the carbon fiber and matrix polymer in composite manufacturing. Tasks have been 
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assigned to project participants, but inadequate information is provided regarding sharing of data. No 
risk assessment or mitigation plan is outlined, and no go/no-go decision points are included. A patent 
describing the technology has been issued, but industrial partners are not identified, jeopardizing the 
impact. Decomposition studies are reported, although it is not clear if conditions have been optimized. 
Characterization of recycled materials was not reported. Process flow diagrams indicate recycling of zinc 
acetate catalyst approximately 10 times; however, recycling experiments are not reported. 
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RECYCLABLE THERMOSET POLYMERS FROM LIGNIN-DERIVED 
PHENOLS 
Spero Renewables, LLC 

PROJECT DESCRIPTION 
Recent innovations at Spero Renewables have 
resulted in a proprietary technology for producing 
decomposable and recyclable thermoset polymers. 
Thermosets are a class of polymers that are 
irreversibly cured from soft solids or liquid 
prepolymer, with the aid of heat or other action of 
energy. Because of the permanent cross-links, 
thermosets generally possess outstanding mechanical properties, chemical and thermal resistance, and 
excellent insulation. Thermosets are now commonly used as the plastic matrix in performance composites, also 
known as carbon fiber reinforced composites. Despite the outstanding material properties of carbon fiber 
reinforced composites, the non-decomposable and nonrecyclable nature of thermosets has limited the 
widespread application of thermoset composites. It is estimated that hundreds of millions of dollars are lost 
each year from the landfilling of thermoset composite wastes. 

Spero Renewables’ recyclable thermosets incorporate bio-based feedstocks derived from lignin, which can be 
incorporated at more than 50% of the mass of the polymer. Through this project, the technology is being 
refined to produce thermosets that can be decomposed under mild conditions yet possess comparable 
thermomechanical properties to conventional bisphenol A-based thermosets. Spero’s thermosets can be 
chemically recycled, with the thermomechanical properties of recycled thermosets comparable to virgin 
thermosets. Through collaboration with Argonne National Laboratory (ANL), a comprehensive LCA of the 
synthesis and recycling of Spero’s thermosets and carbon fiber reinforced composites is underway. TEA is 
being used to validate the commercial potential of Spero’s technology. At the conclusion of this project, Spero 
expects to have sufficient data to enter large-scale pilot production ahead of commercialization. 

 

WBS: 2.3.1.416 
Presenter(s): Ian Klein 
Project Start Date: 10/01/2019 
Planned Project End Date: 08/31/2022 
Total DOE Funding: $2,000,000 
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Photo courtesy of Spero Renewables, LLC 

COMMENTS 
• Specific industrial participants not identified in the project write-up should clearly indicate how they are 

influencing the goals, risk mitigation, and route to markets. I can’t tell if there are connections to other 
BETO projects dealing with developing thermosets. The TEA’s links to goals and risk mitigation are not 
shown. Need to show how the recovered carbon fiber will be utilized in representative reinforced lignin 
thermosets, and show the performance comparison with those types of commercial products. The project 
relies on the availability of sufficient lignin of the right composition to manufacture recyclable 
thermosets. I would like to see how the infrastructure for producing new resins and recycling used resins 
is being addressed in the plan to commercialize. Thermosets are a small part of the market, and lignin 
availability is currently limited. Critical demonstrations of decomposition and water resistance remain to 
be completed. TEA needs to be completed to determine if the approach being developed will lead to 
cost-competitive thermosets. 

• Management: The team appears to have experience and appropriate expertise. The management structure 
was only broadly outlined, with no real specifics, so it is not clear how this team is organized under this 
program. How does it work with partners? A communication plan was not described. Nothing was 
presented on how the team will deal with any feedback or changes in plans. Everything in this report was 
minimal, requiring imagination on the reviewers part.  
 
Approach: The approach was so broadly outlined that it did not describe anything but a general approach 
to creating general lignin-based resins. The publication listed at the end of the presentation is only a 
review, so it provides little specific detail on how this team will proceed. Nothing in this presentation 
made their approach specific to lignin nor was anything presented that appeared particularly novel. This 
write-up required a leap of faith by the reviewers to believe that progress was as described. The technical 
approach was too broadly written to provide much to review.  
 
Impact: The biggest question in this field is to ascertain how this project is different from lignin 
programs that have been undertaken during the past decades. Why will this project succeed when others 
with similar approaches have not? The source of lignin is critical for the cost-effectiveness of any lignin-
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related program (i.e., there are significant differences between Kraft, sulfite, or organosolv lignins). 
None of this was outlined in detail, making it difficult to review. The end value of any resin must be 
justifiable, considering that many paper companies use lignin as their hog fuel to run their plants; thus, 
the end value of any lignin product must not only compete with alternative fuel sources such as diesel 
but also justify the costs of changing the process, which may require significant capital investment for a 
paper mill. The presentation outlined success through industry engagement. This would have been 
strengthened by listing partners, potential partners, or at least types of industrial partners that they are 
approaching. A significant advantage of this process is that it results in composites that can be recycled. 
How? What infrastructure is needed to recycle these composites versus any other composite, and how 
are these materials better than other natural composites?  
 
Progress and outcomes: The results on hardeners are very promising but require some context even if it 
is an allusion to the type of hardeners used. Even some description of the general materials used would 
strengthen these data. The pictures of prototypes are useful and imply that these composites are 
promising. 

• Management: The management plan and implementation appear to be organized. The management and 
implementation of technical work is conducted by Spero and LCA by ANL. Based on the presentation 
provided, there is a clear management team defined. Unfortunately, the management and implementation 
process are not described, and therefore it is not possible to determine how well this is run and 
organized. There is no description of risk mitigation. Overall, based on the rather generalized 
presentation, it is very difficult to assess routes for communication and collaboration with related 
projects and/or advisory boards.  
 
Approach: The approach describes using a “network structure of Spero lignin-based resin.” There is a 
graphic showing a network with “reversible bonds,” but none of this describes any kind of chemical 
basis of this resin or reversible bonds. It is, of course, understandable that confidentiality might be 
paramount, but it would have been helpful to see non-enabling information of some form. Overall, 
because of the level of restricted information that had been determined by the management team, it is not 
possible to evaluate the approach used in this project in terms of potential or see opportunities for further 
innovation. More specifically, it is not possible to understand whether there is substantial merit to 
advance the state of the art (SOA0, as relevant to the defined BETO Program and Technology Area 
goals. Further, it is also not possible to determine whether the project performers have developed an 
approach with significant potential.  
 
Impact: The project impact appears to be headed toward good outcomes; however, the absence of any 
technical information makes it impossible to evaluate this impact. Of course, one understands the needs 
for confidentiality with Spero technology, but this degree of restricted information is problematic to this 
review process, in my opinion. The project performers should consider how to share some levels of non-
enabling information so that an adequate review of impacts could be accomplished.  
 
Progress and outcomes: Results are presented as accomplishments against milestones but with little to no 
supporting data. The work looks like it might be innovative, but the absence of details makes it 
impossible to assess this in any meaningful way; therefore, it is difficult/impossible to properly quantify 
progress and outcomes and conclude (or otherwise) that this work is promising. Again, the lack of details 
and technical information is problematic, in my opinion, to this review process. Without supporting 
technical details, it becomes easy to conclude that this may be too naive or that progress is a wish list 
rather than concrete. It is simply not possible to determine if this is a worthy investment. 

• Demonstration of leisure/sports prototypes makes project proposition credible using lignin from in-house 
Spero technology. The project has defined the technical approach for each critical task, and the team has 
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nearly completed all of the milestones outlaid for this phase and is taking approaches to improve the 
thermoset water resistance post-recycling. Generally, the absence of detail—in particular around the 
business case—makes the project challenging to evaluate. With an industrial-led project, we are 
sympathetic with Spero’s need to protect proprietary technology; however, a more transparent business 
proposition would be helpful, especially if the project leader states that the next step is piloting through a 
joint development agreement. 

• The approach of using lignin-derived molecules to develop novel thermosets and CFRP that are 
decomposable and recyclable while retaining the desired performance characteristics ticks several boxes 
for this area. The impact on composite waste and the potential economic benefit to biorefineries by 
lignin valorization are positives; however, it is not clear what lignin fractions (narrow or broad) are 
useful. A narrow fraction might be especially challenging to attain attractive economics. It is not clear 
how the project views commercialization and logistics, such as CFRP waste collection, transport, and 
processing sites. Project participants, management structure, and assignments are described generally, 
and the work appears to have industry relevant advisors, although not identified. The method and 
frequency of communications across organizations as well as risk identification and management are not 
clear. The project appears to be on time in achieving its progress and milestones, although it is difficult 
to assess given that insufficient data are available, perhaps due to proprietary status. It seems possible 
that more data could be presented in a sanitized way. It is suggested that the program be active in 
capturing novel innovations (e.g., intellectual property filings), which, when completed, would also 
allow for better transparency. I look forward to seeing more results in the future, including how TEA and 
LCA analyses contribute to the ultimate feasibility of the work. 

• This project seeks to produce thermoset polymer coatings for carbon fiber using lignin-derived 
monomers. Thermosets should decompose (>90%); however, no time frame is provided for the 
degradation process. The corporate management team is provided, but it is not indicated which members 
are actively participating in the project or their contribution of expertise. The impact of the project is 
potentially significant, with reductions in carbon fiber waste and downgrading; Spero is interacting with 
unnamed industrial partners at multiple levels. Components of the prepolymer are being optimized; lab-
scale synthesis of 1 kg of prepolymer daily is reported, although it is not clear if the most advanced 
formulation has been synthesized on this scale. Multiple unspecified hardeners have been tested; to date, 
however, no hardener has afforded the same level of hydrophobicity as the control. Currently, the 
company is able to decompose up to 50% of the thermoset. 

• Too much was withheld for confidentiality reasons, apparently, making any judgment at all fairly 
difficult. Scoring likely would be higher if more information was available. The management plan is 
okay but not very detailed. There is no real risk management plan. The goal of recyclable thermosets is 
challenging enough, but to make them from lignin adds tremendous additional complexity. Lignin is 
famous for resisting more than a century and thousands of man-years of effort to make useful 
commercial products, and without more detail about the methods being employed here, it is hard to form 
a positive impression about prospects for success. It was unclear the extent to which fiber composite 
components would fully retain their strength and other properties upon recycling. Synthesis and test 
efforts appear thorough. Progress is good in light of the brief and challenging project period so far and 
the low percentage costed to date. 

PI RESPONSE TO REVIEWER COMMENTS 
• Spero thanks the reviewers for their time in reviewing this project. We understand that further technical 

details would be useful for review of the project, but, unfortunately, we cannot disclose confidential 
information in a public meeting. Note that all project milestones are on track for timely completion per 
the schedule in the Statement of Project Objectives. The management team shown in the presentation is 
actively participating in the project management. Spero’s chief technology officer, Dr. Ian Klein, 
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oversees and coordinates the project with Spero’s senior materials engineer, Dr. Shou Zhao, managing 
experimental design. Direct communication with subcontractors (ANL) is facilitated through monthly 
meetings. Lignin of sufficient volume and purity is commercially available today and will be further 
reduced in cost as Spero’s in-house technology for producing clean chemical feeds from lignin becomes 
available. 
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BIOINSECTICIDES FROM THERMOCHEMICAL BIOMASS CONVERSION 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
This work is developing a sustainable and 
inexpensive bioinsecticide that leverages the inherent 
chemical functionality created from thermochemical 
biomass conversion. The impact of this project lies at 
the intersection of energy and agricultural 
sustainability. Thermochemical conversion of 
biomass to fuels remains an attractive pathway, and 
bioinsecticides, isolated from a fraction of upgraded bio-oils, are a high-value coproduct that can increase 
biorefinery profitability. Existing insecticide products are facing significant pressure from regulators and 
consumers due to negative health and environmental impacts. Bioinsecticides, produced through the 
deconstruction of biomass, can offer a safer, more environmentally benign alternative due to the chemical 
homology with biologically degraded lignin. To enable the thermochemical coproduction of bioinsecticides, 
insecticidal activity must be competitive with existing products, separations of the bioinsecticide must be 
technically viable, and the overall process economics must be improved. Using vacuum distillation, we have 
separated a bioinsecticide active ingredient that has similar activity to current commercial products, and 
techno-economic modeling has shown it can be produced at market competitive prices. This work has 
established a bioinsecticide fraction that is ready for further, more resource-intensive development by 
addressing early technical, economic, and toxicological risks. 

 

WBS: 2.3.1.705 
Presenter(s): Nolan Wilson  
Project Start Date: 10/01/2019 
Planned Project End Date: 09/30/2022 
Total DOE Funding: $632,000 
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Photo courtesy of NREL 

COMMENTS 
• Management: The management plan and implementation appear to be at a relatively early stage, which is 

probably commensurate with the funding. The consortium of entities involved (NREL, U.S. Department 
of Agriculture, Michigan State University, and Marrone) is good and probably sufficient to make some 
progress.  
 
Approach: It is difficult to assess the merit and potential of the approach in this work. There are 
insufficient details provided to see how biopesticides will be screened, and there is no evidence 
presented to show that something in the pyrolysis stream is biocidal. A patent is cited 
(PCT/US20/66306), but it was not available upon searching patent databases. Not sure what the waste 
stream will look like? Separations can be very challenging.  
 
Impact: The project might have potential to make an impact (if a chemical of sufficient efficacy and 
value is found), but at the current stage of the project, it is difficult/impossible to assess or project any 
real potential impact. Biocides have very exacting specifications for use as well as safety and 
environmental impact.  
 
Progress and outcomes: Results are relatively light (screened 14 fractions from two bio-oils against 
seven insect models, two application spaces, and three assay modalities), and it remains unknown 
whether biocidal activity is due to a single molecule or multiple chemical interactions. At this stage, the 
progress and outcomes appear to be highly unpredictable, and the challenge of finding an effective 
biopesticide that passes through so many giant technical and regulatory hurdles toward commercial 
application is daunting. Recognizing the size of the budget and technical challenges ahead, this project 
needs a partnering entity to step up and set clear benchmarks and deliverables and perhaps consider 
additional funding. 

• The management plan, partners, and outreach all look good. Risks are briefly listed; taken as a whole, 
though, they are rather daunting. The connection with Ensyn and Marrone seems promising, but if they 
are already partnered on this, what are the other participants bringing to the project? The variability of 
catalytic fast pyrolysis (CFP) oil is going to be an issue. Has the team considered how this will fit in with 
the transportation and processing of the whole CFP oil? It may only be practical in a refinery setting, and 
there it might not be convenient in light of logistical and processing/storage requirements. It is not made 



2021 PROJECT PEER REVIEW 

 

1047 PERFORMANCE-ADVANTAGED BIOPRODUCTS, 
BIOPROCESSING SEPARATIONS, AND PLASTICS 

clear why there was reason to believe that components of CFP oils might be good insecticides. This is a 
small market compared to fuels, but it seems amenable to a “skimming” approach rather than full-
fledged integration at the biorefinery level, so it should be viable. Active compounds clearly arise from 
lignin, not from (hemi-)cellulose—has consideration been given to starting with lignin pyrolysis oil 
rather than that from whole biomass? Progress seems very good in light of time, funds costed, and 
difficult conditions during the past year. 

• Management: The team is strong, with specific expertise that can lead to success. Industrial and 
agricultural partners are included, and their roles are well defined. The team leverages other DOE and 
BETO projects. Slide 7, for example, shows other synergies and important commercial relationships. 
The potential path to commercialization is in place.  
 
Approach: The presentation of the approach is clear, although this reviewer would have preferred more 
details. Implications from results show that their approach to GHG reduction has value. Testing of 
toxicity and environmental impact and then showing that 0/50 compounds were hazardous is an 
important component of their approach.  
 
Impact: This project only aims to reach a relatively modest goal to identify and characterize one active 
biocide derived from thermochemically modified biomass sources and prepare that ingredient for field 
trials. It will very likely reach that relatively modest goal. Their tie-in to bioenergy is a stretch if the 
argument is put forward that the thermochemical conversion of biomass to create insecticide will 
improve biofuel economics. Even if this team succeeds completely, it is hard to argue that success will 
significantly change biomass-to-bioenergy economics. The market volumes for insecticides are small, so 
its processing will operate on a completely different scale from bioenergy development. Insecticides are 
used sparingly, with small quantities required to meet all of the markets needs, so it is hard to imagine it 
changing the economics of a commodity-level processing plant. But safer, more sustainable insecticides 
are still an important part of the bioeconomy, and it would be nice to have an array of high-value 
chemicals derived from thermochemical biorefineries. CFP is a low-cost process with flexible feedstock, 
so bioinsecticide production can occur regionally, independent of petroleum supply, thus lowering 
supply chain emissions and transportation costs. This part of the energy equation is noteworthy. The 
team might benefit from picking a target pest and then target crops that would benefit from their 
bioinsecticide. Agriculture-based stakeholders (such as a growers group) could help this team take it to 
the next level, which will be the relatively expensive step of government trials/approval.  
 
Progress and outcomes: Slide 12 is promising, showing that biocide effectiveness has improved >40% 
since the start of the study and that their bioinsecticide competes well against a commercial product. The 
cost analysis (slide 13) shows that the breakeven price of the active ingredients from their 
thermochemical conversion makes this process cost competitive. This would be a significant result, 
showing that sustainable does not need to be more expensive. 

• Participants cover the major risks and mitigation strategies well. The inclusion of the feedstock producer 
(Ensyn) and the route to market for bioinsecticides (Marrone) improve the probability of commercial 
success. The mitigation plans are well thought out. There is a systematic approach to identifying 
candidates for the screening of efficacy. Removing phenols from the bio-oil increases the probability of 
adoption of CFP for fuels while adding a high-value coproduct. Additional toxicity analysis resources 
would improve the probability of success, especially with regulators. There is potential impact in both 
the big commodity market (fuels from bio-oil) and in agriculture (bio-based insecticides). The value 
proposition has a good upside potential for phenol feedstocks. I would like to understand how when 
insects develop resistance to these products, like they do to current insecticides, what are the mitigation 
plans beyond rotation. It is dependent on the adoption of CTP, which is the major risk. Candidates to 
date appear to have reasonable efficacy as insecticides. The plan to screen for plant and pollinator 
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toxicity is a plus. Explain how a small insecticide player will be able to address the larger global 
markets. 

• Project participants have screened multiple fractions from two CFP bio-oils for insecticidal activity. 
Participants have leveraged separations expertise to increase the mass balance from 39% to 99% of 
distillate fractions. Compound identification is critical if these materials are to be used as pest control 
agents. Participants have also identified strong partners for commercialization. My concern lies in 
obtaining U.S. Environmental Protection Agency approval to utilize mixtures containing numerous 
active and inactive ingredients as bioinsecticides. How much additional time and financial resources will 
be required for toxicity, soil persistence validations? I also recommend that preparation of multiple 
identical samples to determine reproducibility in content and bioactivity. 

• The approach of producing a bioinsecticide from CFP-derived lignin is appealing, with potential 
beneficial impact to biofuels/bioproducts as well as to the agricultural sector. Incumbent insecticides are 
often undesirable in their persistence and impact on nontarget organisms (including pollinator and 
humans), and the emergence of pesticide resistance is a problem, so there is a clear need for alternative 
products that are both effective and safe. The premise here is that lignin-derived compounds can meet 
these criteria. A significant difficulty may be that the process may produce a mix of compounds, and 
consistency may be compounded by source lignin variability. Because of this, the product may require 
additional separations (and costs) to meet agricultural and safety specifications (including content 
consistency). The program is innovative, with one patent application filed to date. The project 
management plan, communications, risks, and mitigations are well addressed. The team includes an 
industrial/commercialization/license partner who should be helpful on the agricultural/pesticide issues. 
Project results are satisfactory to date, with several thermochemical treated fractions exhibiting 
insecticidal activity on various target species, apparently due to alkylated phenols and methoxyphenols. 

• The project has assembled a sound management plan and partners to develop environmentally friendly 
pesticides from biomass. For program dollars invested, this project has made great progress in its critical 
tasks: identified a blend of phenolic molecules that show promising insecticidal activity; closed mass 
balance by separations and characterization of the aromatic stream; developed an economic model that 
identifies a profitable window of opportunity; and engaged an industrial partner that brings 
regulatory/registration experience to mitigate commercialization risks associated with the project. Major 
questions that emerge: whether the active phenolic mixture will meet the toxicity goals; is DiPel(R) the 
appropriate benchmark for activity studies? DiPel is an entirely different molecule class, a blend of 
protein toxins with a distinct mode of action. The investigators may want to consider a mechanism-of-
action work stream in the second year to acquire data if they anticipate a product regulatory strategy that 
proposes low resistance potential. A major strength of this project is the knowledge depth brought by 
various members of the team in understanding approaches to pest management; finally, a successful 
product would be very compatible with the portfolio and niche market approach of Marrone, the 
potential licensee.  

PI RESPONSE TO REVIEWER COMMENTS 
• We would like to thank the reviews for their insightful and constructive feedback. We agree that the 

identification, purification, and consistent production of a high-quality active ingredient from 
thermochemical streams will be key to the success of the bioinsecticide. The team has pursued single-
component model compound studies (e.g., 3-ethylphenol, 4-ethylguaiacol) to verify that the activity is 
derived from alkyl phenols and methoxyphenols found within the bioinsecticide fractions. Significantly 
more work—especially related to mode-of-action, efficacy, safety, and environment impact—will be 
required to meet the necessary regulatory requirements. We fully agree with the need to align market 
volumes of chemical products and fuels. The team appreciates the recommendation of identifying and 
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pursuing a target pest and crops, which will improve the likelihood of achieving initial market adoption, 
and we will consider this as part of future development work. 
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DESIGN AND DEVELOPMENT OF BIO-ADVANTAGED VITRIMERS AS 
CLOSED-LOOP BIOPRODUCTS 
University of California, Berkeley 

PROJECT DESCRIPTION 
Plastics in use today are predominantly single-use 
and are rarely recycled. The linearity of their life 
cycles is not only wasteful from a resource and 
energy perspective—it has also resulted in 
environmental stresses, with >6 billion metric 
tons of plastic waste. The goal of this project is to 
elucidate design rules by which life cycles for plastics 
become circular and therefore sustainable. We focus our efforts on a new class of dynamic covalent polymer 
networks, known as vitrimers, which combine the processing and recycling ease of thermoplastics with the 
performance advantages of thermosets. Regarding circularity, most vitrimers are differentiated from classical 
thermosets in that they can be chemically de-polymerized, typically into small molecules or short oligomers, 
including dimedone, ß-keto-d-lactone (BKDLs), and diacids in this project. For decades, microbial production 
of commodity chemicals has been limited in the diversity of the molecules produced by natural or modified 
enzymes. Our technology of recombining the Type I polyketide synthases demonstrates a promising strategy 
for the synthesis of diverse molecules, including BKDLs and diacids. With computational materials genomics 
of vitrimers and TEA/LCA for bioproducts, we can design and develop infinitely recyclable and therefore 
closed-loop polymeric bio-based materials for potential commercialization. 

 

WBS: 2.3.2.219 
Presenter(s): Jay Keasling 
Project Start Date: 10/01/2018 
Planned Project End Date: 03/31/2023 
Total DOE Funding: $1,997,861 
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Photo courtesy of University of California, Berkeley 

COMMENTS 
• Management: The management plan and implementation appear to be high level and well organized. 

There is a good collaboration between the University of California, Berkeley and Lawrence Berkeley 
National Laboratory (LBNL), showing good progress and organization. At present, there are no industry-
focused entities involved, and there is not much description of risk assessment. Of course, this is 
envisioned down the road, but I think an IAB would help to set targets, identify risks, and push the 
project in practical directions.  
 
Approach: There is substantial merit and significant potential in this approach toward a vitrimer based on 
diketoenamine hydrolysis in acid. Nevertheless, concerns remain on whether all components are 
infinitely recyclable with little loss and no decay in the recycle process over time. Multiple engineered 
organisms is a plus. The overall concept of elucidating design rules for recyclable plastics is intriguing.  
 
Impact: The project impact appears to be solid and headed toward promising outcomes, with thorough 
review processes and deliverables in place. At the present time, there appear to be no connections to 
industry advisors, and yet this will be required to deliver an impact with clear commercialization 
potential. It will be challenging to identify good thermoplastics with the performance advantages of 
thermosets.  
 
Progress and outcomes: Results are showing great promise relative to the metrics set in what is a very 
novel and promising area of recycling. Appears to have coped well despite the COVID-19 impact. The 
project as a whole is still relatively early stage, although progress and outcomes look promising. There 
are several key steps where progress is being made, but many challenges lie ahead if this is to make it to 
the market. 

• The project research teams are well coordinated and have clear goals. They would likely benefit from the 
inclusion of industrial partners with routes to markets to challenge cost/benefit assumptions and facilitate 
technology transfer. Developing an entirely new polymer system from carbohydrates to monomers, 
polymers, applications, and then recovery and recycling is a daunting goal. Would benefit from better 
understanding of the property set that these polymers would offer over incumbent polymers. TEA earlier 
in the development path would help identify cost/benefit risks and needed mitigation plans. Without 
significant improvements in material properties, the potential market penetration of circular 
poly(diketoenamine) (PDK) polymers likely will be limited versus low-cost and well-known properties 
of high-density polyethylene and PET in major markets. A target of 4 gm/L in fermentation is quite low. 
Commercial viability may need 25 times that goal unless high-value properties are identified. A 
commercial route to market players is needed to guide target goal setting, especially because they are 
counting on a high level of recycle. The technical program progress is on track. Commercial target risks 
and mitigation plans are needed. 



2021 PROJECT PEER REVIEW 

 

1052 PERFORMANCE-ADVANTAGED BIOPRODUCTS, 
BIOPROCESSING SEPARATIONS, AND PLASTICS 

• The approach of identifying, synthesizing, and testing bio-produced molecules such as BKDLs and 
diacids has substantial merit to produce potentially infinitely recyclable vitrimers. Polyketide synthases 
genes provide a great platform for novel enzymes to be created and produced in various hosts to make 
target molecules. The impact of a successful project toward a circular economy for more 
environmentally benign formulations in these applications, as well as a bio-based economy, is clear. 
Project management, responsibilities, and high-level risks are addressed, and excellent progress is 
evident on several fronts: engineering of polyketide synthases to produce numerous BKDLs, high bio-
content vitrimer production and recovery, engineering of various production organisms (which may be 
needed to produce different molecules optimally), and predictive polymerization/depolymerization 
models. Future progress on performance and prioritization of targets and process (e.g., titer, rate, and 
yield fermentation targets) will inform the scale-up feasibility of the approach. 

• This is a well-coordinated team of participants that spans biology, chemistry, computation, and 
environmental/energy spaces. Additional information, including how the groups interact to move 
forward, would be beneficial. Recyclability and recovery data are impressive, as is the number of 
enzymes created and screened. The degree of productivity is without question. My concern lies in the 
area of application and interaction with industrial partners. Given the number of enzymes screened, it 
might be time to select several of the most promising candidates to determine the scalability of the 
biological monomer production. Reviewers are uncertain how bioproduction and the circularity of 
vitrimer mitigates the risk of commercialization, as indicated in the presentation. 

• This is an early-stage project; thus, no detail is provided for developing a handoff for industrial 
development and validation. The project, which leverages the well-established polyketide platform, 
expands the BETO platform and has potential synergies with other projects. The project team has a clear 
timeline layout to manage all of the critical tasks—the chart on page 4 is a great visual aid to see the 
tasks per budget period. (This could be a model template for all portfolio projects because it is easy to 
see at a glance the task sequence paired with timing with the visual color link to the project leader.) 
Judicious selection of targets using economic analyses and criteria of monomer recovery; product value; 
energy inputs, etc. The project team has made good progress on key milestones: (1) the exploration of 
the structure space and the analyses of and understanding of differing influences of R1 and R2 
substituents in model Beta-diketolactides on the depolymerization recycling rates model; (2) host 
comparison and strain development; (3) robustness of synthesis with delivery of 50-g batch triketone 
biomonomer; and (4) TEA and LCA analyses on bio-vitrimer recycling. Can they clarify whether they 
will narrow the number of candidates for microbial host strain development? 

PI RESPONSE TO REVIEWER COMMENTS 
• Reviewer 1: It might be time to select several of the most promising candidates to determine the 

scalability of biological monomer production. Reponses: In the next stage of the project, we will screen 
alternative BKDLs that can be produced from different hosts. Thereafter, we can optimize the production 
of those most promising candidates to reach a higher titer. We will also take the specific property of the 
BKDLs into consideration before scaling up the production.  

• Reviewer 2: Uncertain how bioproduction and circularity of vitrimer mitigates the risk of 
commercialization. Reponses: Bio-based polymers that are conducive to increased recycling rates by 
closing the loop in their life cycles reduce petroleum demand, decrease the volume of plastics sent to 
landfills, and mitigate emissions associated with any plastics still combusted (and, in the case of 
landfilling, sequester biogenic carbon). Circular plastics are a market-disrupting counterpoint to single-
use plastics, which are increasingly regulated, if not outright banned, due to their negative impact on the 
environment.  

• Reviewer 3: No connections to industry advisors. Reponses: We have deeply developed a network of 
industry advisors, including C-level executives of major chemical companies (Jean Sentenac, CEO, 
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Axens; Hartwig Michels, President, Petrochemicals, BASF; etc.). We also have nondisclosure 
agreements and material transfer agreements with BASF, Arkema, Proctor and Gamble, Clorox, Ford, 
and others. We were not asked to provide this information in the 15-minute talk, but we have done this. 
We are also pursuing funded collaborations with these partners to scale up the research products from 
this BETO project.  

• Reviewer 4: A commercial route to market players is needed to guide target goal setting, especially 
because they are counting on a high level of recycle.  

• Reviewer 5: No detail for developing a handoff for industrial development and validation. Reponses: 
This project falls into the FOA Topic Area: 3a: Performance-Advantaged Bioproduct Identification, 
which explicitly required projects at TRL 2. Many of the comments touch on the need for industry 
advisors, assessing scalability, arranging for handoff to industry, and the development of a plan for 
commercialization. Although the project team is in active discussions with industry partners in 
anticipation of follow-on research at a higher TRL, the biopolymers being developed and evaluated as 
part of this project will require further exploration and optimization prior to commercialization. The fact 
that these biopolymers can be tailored to achieve different product specifications and tuned to 
depolymerize under mild conditions will make them attractive to companies aiming to reduce their 
plastic waste footprint.  

• Reviewer 6: Without significant improvements in material properties, the potential market penetration of 
circular PDK polymers likely will be limited versus low-cost and well-known properties of high-density 
polyethylene and PET in major markets. Reponses: The reviewer misunderstood our directions; we are 
not expecting to displace PET or high-density polyethylene. We are expecting to displace nonrecyclable 
polyamides and polyurethanes. We have substantially demonstrated performance improvements over 
those materials in bio-based formulations and have maintained lossless circularity in recycling outcomes. 
We have further carried out detailed analysis of the economics and pricing to assess potential roadblocks 
to commercialization. In our most recent paper (by Vora et al., published in Science Advances earlier this 
year) we calculated the cost of virgin PDK production and waste PDK recycling. The cost of recycling is 
well below that of virgin polyurethane, which is our initial target market. High-density polyethylene and 
PET are not our immediate targets because those are the two plastics that are most frequently recycled in 
the United States today.  

• Reviewer 7: The target of 4 gm/L in fermentation is quite low. Commercial viability may need 25 times 
that goal unless high-value properties are identified. Reponses: We understand that the current titer of 4 
g/L is not high for the commercial viability. Different fermentation conditions will be optimized to reach 
higher titers for future commercialization. Additionally, we may perform more engineering of the host to 
reach a better production of BKDLs.  

• Reviewer 8: Clarify whether they will narrow the number of candidates for microbial host strain 
development. Reponses: Regarding the host development, we will focus on one or two hosts that are 
good for the BKDL production. The hosts working well with polyketide synthases genes and supplying a 
rich amount of necessary CoA esters will be preferred. The future strain engineering will focus on these 
aspects. 

  



2021 PROJECT PEER REVIEW 

 

1054 PERFORMANCE-ADVANTAGED BIOPRODUCTS, 
BIOPROCESSING SEPARATIONS, AND PLASTICS 

BIOCONVERSION OF HETEROGENEOUS POLYESTER WASTES TO 
HIGH-VALUE CHEMICAL PRODUCTS 
University of Massachusetts Lowell 

PROJECT DESCRIPTION 
The University of Massachusetts Lowell, in 
collaboration with NREL, aims to discover, evaluate, 
and develop pathways for the economical 
biochemical recycling of waste polyesters into small 
molecule products with added value in the chemicals 
and materials industries. The overall plastics 
recycling rate in the United States has stagnated at 
around only 9%, with the remainder ending up in landfills or leaking to the environment (e.g., oceans). Most 
successful recycling processes rely on mechanical shredding of the plastics to form new products; however, 
this approach results in inferior secondary feedstocks only suitable for less valuable applications due to 
degradation, contamination, and other technical factors. Chemical recycling schemes have the potential to 
provide better long-term solutions because pure monomers or high-value chemicals can be recovered and 
recycled in a closed loop; however, typical thermochemical recycling methods are energy intensive and reduce 
the embodied energy in the plastics.  
 
This project will explore energy-efficient biochemical means to deconstruct and convert the heterogeneous 
polyester waste stream into high-value chemical intermediates suitable for a wide range of applications. The 
planned three-step recycling process involves mechanical pretreatment, enzymatic polymer deconstruction 
with integrated ball-milling, and microbial bioconversion to address critical bottlenecks in current SOA 
processes. This 3-year effort will result in demonstration of a >1-L reactor design that can produce 70% 
conversion of heterogeneous PET waste streams to monomer. The project will enable industry to demonstrate 
and deploy high-performing drop-in chemicals as an alternative to conventional unsustainable sources.  

 

WBS: 2.3.2.224 
Presenter(s): Margaret Sobkowicz-Kline 
Project Start Date: 10/01/2019 
Planned Project End Date: 06/30/2023 
Total DOE Funding: $1,500,814 
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Photo courtesy of University of Massachusetts Lowell 

COMMENTS 
• Management: The management plan and implementation appear to be high level and well organized with 

the University of Massachusetts Lowell and NREL. This includes regular management meetings and risk 
mitigation. There is an impressive consortium of entities involved, it shows good progress, and it is very 
well organized. I think additional landfill-based entities might be worth adding as an advisory board. 
 
Approach: There is substantial merit and significant potential in this approach of thermomechanical 
pretreatment, enzymatic hydrolysis, and bioconversion to recycle polyester waste to high-value 
chemicals. The initial focus is on PET, looking for high-efficiency PET hydrolase or enzyme recipe and 
recover terephthalic acid (TPA) product. The approach does not (yet) incorporate how this would be 
used to impact landfills, and I think this remaining macro challenge should begin to be addressed.  
 
Impact: The project impact appears to be headed toward good outcomes with thorough review processes 
and deliverables in place. There is potential for significant impact and outcomes, although exactly how 
these efforts will be implemented in landfills to deliver meaningful change is not so clear. The project is 
early stage and currently not engaging with industry partners, yet that would help to refine this major 
challenge. It is not clear how the energy impacts will be realized.  
 
Progress and outcomes: Results are showing great promise relative to the metrics set and noted that the 
project started in April 2020. It appears to have coped well despite the COVID-19 impact, and progress 
and outcomes look promising. It is early stage for milestones, but they appear to be on track to assess 
PET sources with modest progress with various tasks: e.g., #2 evaluate waste streams and characteristics 
for degradation showing PET sources vary, #3 hydrolase expression system working, #4 less active PET 
hydrolase modified with binding protein, #5 started pretreatment strategies, #6 assay tests operational, 
and #7 designed reactor system using smaller particles better. The investigators might consider: (1) the 
composition of the remaining waste that is leftover after processing and recovering what is possible from 
the technology and (2) the fate of the remaining waste at a holistic process level with a process design 
flow diagram. I am concerned that this waste stream could become a very challenging concern. I think 
this is an example of where company advisors could get involved to identify and address challenges. 

• Management: This is a strong management team. The University of Massachusetts Lowell maintains a 
strong expertise in sustainable polymers, which results in synergies between team members. The 
communication plan appears consistent and appropriate.  
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Approach: The expression of leaf compost cutinase  in E. coli is commendable, and the continued 
research to express leaf compost cutinase in B. subtilis is also promising. Perhaps the team could explore 
cutinase expression in fungal hosts. Many industrial enzymes are pumped out in the highest volumes 
using fungal systems. Pretreatment (slide 13): How clean does rPET need to be to be enzymatically 
degraded? Some discussion on the effect of contaminants may improve this section. Preliminary results 
presented here are likely on very clean rPET samples, which raises the question whether it is more cost-
effective to recycle the material versus degradation if significant pretreatment is required. Results 
outlined from the ball-mill reactor are promising (slide 16). It raises questions about the size/scope of 
this reactor. Discussions about residence time and/or the size of the reactor (per kg of substrate treated) 
could strengthen this section. Scale is a question.  
 
Impact: The impact of this project represents a significant breakthrough and describes how this is an 
energy issue as well as one with social impact (slide 7 is a nice summary). Questions about the size of a 
scaled-up, optimal version of this process have implications on its scope. It would be interesting to 
discuss where such a reactor facility would be located within the waste-treatment infrastructure. Is this a 
facility akin to wastewater treatment?  
 
Progress and outcomes: Perhaps the first objective is misstated and/or progress has not been rapid. The 
first goal is to determine the most prevalent forms of PET film and fibers in post-consumer and industrial 
waste streams; classify their physical characteristics before and during biodegradation. Yet only a single 
recycled (rPET) substrate is described (slide 8) without describing its cost or background. That is not 
comprehensive. More information is needed on how they arrived at that particular rPeT. If this result is 
to be universal, more detail is needed on how other forms of recycled materials are to be collected, 
compared, assayed, and then utilized. Otherwise, they are overstating their statement of characterizing 
different recycled streams. Progress on enzymatic improvement appears to be moving along well. 

• The focus on PET fiber degradation has merit and is worthy of investigation. This project aims to 
combine mechanical pretreatment with enzymatic degradation to ultimately produce terephthalic acid 
and other value-added chemicals. Task assignments to project personnel are defined, and file and data-
sharing are described. It is early in the project timeline, but it appears each task is being addressed 
independently. It would be helpful if the investigators described a cohesive plan to integrate task-specific 
advances. With respect to the approach, it is not clear if an enzymatic degradation system has been 
settled upon given that both leaf compost cutinase and PETase-MHETase are included. Is the plan to 
ultimately use isolated enzymes for PET degradation or whole cells that are exporting enzyme? A go/no-
go decision point for Q4 2021 requires a percentage of PET degradation; it would be helpful if a ratio of 
PET to enzyme or a quantity of initial PET was specified to meet the milestone. It also is not clear why 
or how terephthalic acid produced from PET degradation would be upcycled to muconic acid or adipic 
acid. Is the difference in selling price between muconic acid/adipic acid and terephthalic acid high 
enough to justify the additional cost for biological upcycling? 

• The management plan is a bit superficial; the risk mitigation a bit generic. The latter should not be just, 
“We’ll keep a careful eye on things,” but more specific thoughts about specific obstacles that might be 
encountered, things that could turn out unexpectedly in the course of the research, etc. The approach 
appears sound and well thought out. The list of tasks 2–12 does suggest some risks that ought to have 
been folded into the risk mitigation plan, for example. Impacts can potentially be significant. The 
approach seems especially appropriate for PET not recovered/recycled as whole bottles. Progress is a bit 
hard to judge based on the style of the presentation. “Progress Task X” on each slide reiterates the task, 
sometimes explains the task, and may or may not present some data, but it’s not 100% clear the data are 
from THIS project, if they are ALL of the data taken so far, etc. It would be helpful to enumerate to 
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actions that have been completed as part of this project. Given the constraints we’ve all faced since April 
1, 2020, and the <10% costing, progress seems more than reasonable. 

• The project team does not seem to include industrial representation for mixed waste feedstocks, PET 
manufacture, and end users. Including these representatives in the team will likely lead to the 
identification of additional technical and commercial risks, better targets set for research efforts, and 
intermediate go/no-go decisions. A successful plastic waste recovery and recycle strategy must be able to 
start with mixed plastic wastes. Utilizing enzymes to economically depolymerize PET containing mixed 
wastes and recovering useful quality monomers is a very heavy lift compared to existing chemical 
recycle processes, especially considering the economic targets that must be achieved for commercial 
adoption. It would help to see the final envisioned process (including organism, if appropriate) with 
expected steps. I would like to see PET-containing fabrics included in the scope because they represent a 
major part of the potential waste stream. If this approach were to be successful, it would have a large 
impact on the PET markets, but a TPA cost target of $2/kg is 10 times higher than today’s cost from 
petrochemical routes. Progress has been made toward finding enzymes that have some performance 
potential, but the targets for titers, rates, and efficacy seem unrealistically low to be a commercially 
successful way to deal with mixed plastic wastes otherwise going into landfills. 

• The project approach of acquiring PET feedstocks, enzyme development and expression, biodegradative 
pretreatment development, reactor design, TEA, and scale-up appears sensible and has technical merit. 
The project is relevant to BETO program and technology goals. The potential for innovation potential is 
high, and the identification of enzymatic and biochemical routes is particularly interesting albeit 
challenging. The management structure, plan, and communication are clear; risks/mitigations are 
addressed. Industrial advisors are not mentioned. The impact of a successful project is potentially high: 
the development of economic, integrated, and scalable biochemical processes to harvest plastic 
feedstocks for use in the production of chemical products could provide significant reductions in energy 
and reduce waste streams. PET-hydrolyzing enzymes and expression systems are being designed and 
improved for E. coli and B. subtilis. Progress across tasks appears on track, with the first go/no-go 
decision point achieved. There is much work to do here; for example, enzyme secretion levels are very 
low and require improvement. It was not clear whether these enzymes are secreted naturally; it can be 
challenging to secrete high levels of enzymes that are not naturally secreted. Reaching a decision point 
on which organism/expression system to move forward is desirable to focus efforts. The envisioned 
process is somewhat unclear, so it is hard to predict how much enzyme/organism improvement may be 
needed or methods to improve intrinsic enzyme properties. 

• This project underwent an initial verification step with critical input—and redesigned and changed goals. 
The project leaders clearly enumerate the daunting hurdles and risks it faces to achieve its objectives. 
Made good progress in installing analysis methods to characterize feedstock and to monitor PET 
degradation. Hard to assess likelihood of success—in particular, it would be helpful to see a high-level 
reactor design scheme with all inputs and perform crude TEA modeling in the current budget cycle. In 
particular, apply enzyme catalytic parameters, if known—to estimate quantities required for end-of-
project demonstration milestone: 70% TPA conversion yield in 24 hours. If this analysis reveals 
unfavorable quantities, it could define the need for and guide future production strain and enzyme 
engineering work so that a more desirable outcome is achieved. 

PI RESPONSE TO REVIEWER COMMENTS 
• Thanks to the Peer Review team for the very helpful questions and suggestions. We would like to 

respond to the Peer Review comments, addressing the following points.  

• Involvement of industry partners: We are working with recycled PET fiber manufacturer Unifi to 
understand the utility of the pretreatment and bioconversion process on textile PET. We have received 
materials for testing from Unifi but have not yet worked with these materials. We appreciate the 
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suggestion to work with waste management companies and will seek partners in this area. We also 
appreciate the suggestion to work with PET producers; we have had conversations with Eastman 
Chemical in the past and will attempt to reengage with them.  

• Addressing impacts on landfills: The team plans to work with the TEA team from NREL to discuss these 
issues for the current enzymatic deconstruction process. It is not anticipated that the byproducts and 
residuals would be different than for the existing iterations of biochemical recycling.  

• Process flow diagram: In response to comments about the entire process flow, we have included the 
process flow diagram in this response. We are currently evaluating the B. subtilis expression system and 
plan to finalize the organism of choice in the next quarter.  

• Enzyme secretion levels low: Despite our attempts to incorporate a secretion module, we acknowledge 
lower extracellular enzyme production; thus, we plan to evaluate the potential of using unpurified 
enzyme directly after fermentation and cell lysis as a more economical way to obtain a large amount of 
hydrolytic enzyme for the degradation.  

• Low target titers, rates, efficacy: The titer of 5 g/L from glucose within 36 hours, 70% conversion in 1 
day, and $2/kg TPA are targets set based on the SOA bioconversion of PET and agreed upon with the 
BETO project administration team. It is the belief of the team that attaining these milestones in a scaled-
up reactor dealing with contaminated PET wastes would be a significant achievement in the field.  

• Cleanliness of PET: To date, the project team has investigated the enzymatic degradation of at least three 
forms of PET with different characteristics. In order to understand in greater depth the influence of 
pretreatments and enzyme design changes, we have focused most work on a prewashed recycled PET 
bottle flake as a substrate. We agree that working with fiber forms of PET and other contaminated forms 
will be important for proving the scalability and industrial relevance, but at this stage in the program, we 
are still working to understand the fundamentals of the system. We will move to other PET forms in 
subsequent work.  

• Risk mitigation: As the team gets up to speed on each other’s fields of expertise, we are starting to be 
able to identify risks in each other’s research: waste characterization and pretreatment, enzyme 
production and relative performance, reactor design, and in situ product removal/purification. Team 
members have suggested alternative approaches such as micronization direct from melt and degradation 
using nonpurified enzymes, and these conversations are turning into a more robust risk mitigation 
strategy. In addition, we see results from the recently completed TEA out of NREL helping to direct the 
research to the most effective strategies to realize an efficient and effective process. 
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RENEWABLE CARBON FIBERS CONSORTIUM 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
The primary objective of the Renewable Carbon 
Fibers project is to demonstrate the cost-effective 
production of renewable carbon fibers. To achieve 
this goal, this project brings together world-class 
research professionals to address all aspects of R&D 
on renewable carbon fibers along the entire value 
chain, from feedstock to finished composite material. 
Acrylonitrile, currently made from petroleum, is the primary chemical building block of high-quality carbon 
fibers. Making acrylonitrile from biomass (bio-acrylonitrile, bio-ACN) cost-effectively could help to displace 
petroleum consumption and buffer against carbon fiber price volatility by providing a renewable drop-in 
feedstock. Through bench-scale R&D, the Renewable Carbon Fibers project has identified a promising hybrid 
(biology/catalysis) path to bio-ACN. This next phase of the project, in partnership with key industrial entities, 
will entail a single scaled-up production run of 50 kg of bio-ACN with subsequent carbon fiber and composite 
production and testing.  

 

COMMENTS 
• Management: The management plan and implementation appear to be high level and well organized. 

There is an impressive consortium of large entities and industry partners (NREL, ORNL, Cargill, 
Johnson Matthey, MATRIC, SGL Carbon, Ford) involved, and all components are showing good 
progress. Management appears to be very well organized, with a highly commendable team of people.  
 
Approach: There is substantial merit and significant potential in this approach. The production of 3-
hydroxypropionaldehyde (3-HPA) is going well, and its conversion to bio-can looks very promising. The 
catalyst supply looks robust to produce polyacrylonitrile, and carbon fiber production is set to start in 
readiness for composite testing.  
 

WBS: 2.3.4.102 
Presenter(s): Adam Bratis 
Project Start Date: 01/01/2018 
Planned Project End Date: 09/30/2021 
Total DOE Funding: $3,805,600 
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Impact: The project impact appears to be headed toward good outcomes, with thorough review processes 
in place, with specifications well defined for deliverables. The cost of bio-ACN is also at a good price 
point. Key is scale-up, which so far appears to be progressing well with go/no-go decision points. 
Polymerization work is planned and pending pilot scale production of intermediates.  
 
Progress and outcomes: Results are showing great promise relative to the metrics set. The project 
appears to have coped well despite the COVID-19 impact, and progress and outcomes look promising 
alongside a timeline that looks highly feasible. As with all projects, there is risk of failure to deliver 
against challenging technical targets, but current indicators are promising. It is not yet clear if the project 
will meet commercial metrics for catalyst stability and GHG reductions. It is impressive to see this 
moving toward scaled-up production (single run of 50 kg of bio-ACN) with subsequent carbon fiber and 
composite production and testing. 

• Management: Very strong relationships with industrial partners, which adds to the impact of this 
continuing project. The role of each partner (slide 6) is well defined and makes sense. The strategic 
collaboration between these specific partners will result in a near-complete “supply chain” toward 
commercial adoption. Managing expectations is nice to see in a project (slide 6). The communication 
schedule and feedback loop with DOE is outlined.  
 
Approach: Previous work was spelled out nicely to provide context and outline next steps toward 
success. The ester nitrilation that has been discovered via background work merits further research, as is 
being researched here. The advantages are outlined nicely in slide 4: simpler catalyst (TiO2), good yields 
(~95%), easier to control endothermic reaction, and relatively safe byproducts. The MATRIC analysis is 
important to verify whether this process is ready for scale-up to pilot-scale production.  
 
Impact: Scaling up the production of acrylonitrile (ACN) via the sustainable production of 3-HPA is 
needed. This project should provide critical information toward commercialization realization. Slide 5 is 
a clear outline of the project direction, all of it positive. Ford is an ideal partner to leverage conventional 
carbon fiber production from bio-derived ACN. Deriving 3-HPA from sugars is not necessarily via the 
most cost-effective carbon source. Alternative routes to 3-HPA could have been mentioned to provide 
broader context, but it is understandable here as the route used by their critical industrial partner.  
 
Progress and outcomes: The milestones are noted, and the specific status of each one needed for go/no-
go is specifically noted. Most milestones are very close to being met. A pilot-scale amount (40 kg) of 3-
HPA fermentation broth has been delivered to MATRIC (NREL), and stage 2, delivering 400 kg, is 
reportedly on schedule, which is very good. NREL’s recent work on improving catalysts is noteworthy 
and points to changing from TiO2 to aluminum-based catalysts due to regeneration. This makes sense. 
This research is hypothesis-driven, which is commendable. 

• Excellent, well-connected team delivering great results. Good coverage by partners from feedstock to 
end users. The bio-based route to 3-HPA catalytic conversion to ACN is a good example of a drop-in 
renewable technology. Would like to see details of the TEA versus conventional propylene 
ammoxidation to ACN, with sensitivities relative to the cost of propylene and ammonia given the large 
supply of low-cost natural gas liquids, and also rate, titer, and yield of the fermentation. The key catalyst 
life obstacle is being addressed aggressively. The impact is dependent on a step change in the cost of 
carbon fiber in order to accelerate the adoption of carbon fiber reinforced plastics. Unfortunately, there 
are no remaining polyacrylonitrile fiber producers in the United States, so sourcing of polyacrylonitrile 
carbon fiber will not be domestic. Matches up nicely to programs for the recovery and recycle of carbon 
fiber thermosets and other plastics. A lower-cost route to 3-HPA could enable many other bio-based 
intermediates. Making excellent progress toward the goals. Greater that 80 gm/L is a good start for the 
fermentation. Would like to see closer to 125 gm/L and TEA benchmarks for rate and yield. 
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• Great demonstration of a process vision that capitalizes on the strengths of biology/biochemistry 
(upstream production of the feed 3-HPA) with an efficient chemical catalytic dehydration followed by 
nitrilation. This project team has a clear, mature management plan: For each process step, there is a 
partner who is assigned responsibility for executing milestone tasks; the milestone deliverables have 
well-defined performance and quality specifications. This is a well-managed project that at the outset 
created a map for success, and the team has steered the project team steadily on course toward the goal 
of demonstrating an economically viable hybrid bio/chemical process to carbon fiber. Excellent progress 
to date. Cargill and MATRIC are on schedule to hand off bio-acrylonitrile to the partner SGL for 
spinning into carbon fiber after polyacrylonitrile preparation. Project leaders pursued the 2019 Peer 
Review recommendation to screen for a more stable catalyst and identified a much-improved catalyst 
with longer lifetime. In addition, the team having a proposition for mechanism for catalyst deactivation 
and how to retard it is a valuable asset for a potential commercial process, so there is a possible handle to 
troubleshoot future problems if they emerge. Given the awareness that polyacrylonitrile carbon fiber is 
not currently produced in the United States, is this an opportunity for U.S. manufacturing or an obstacle? 
The project team should evaluate hypothetical scenarios and requirements. 

• It is exciting to see the demonstration and scale-up of a bioproduct-derived process from the laboratory 
scale to the pilot scale, and this multipartner project is not an exception. The coordination between 
partners appears seamless, and good progress is being made even with COVID-19 restrictions. Project 
success may be jeopardized by the lifetime of the current catalyst. A preliminary investigation has 
identified a superior catalyst, but the project is proceeding with the initial catalyst. Whether it is a good 
idea to proceed with a problematic catalyst is uncertain. 

• The Renewable Carbon Fibers Consortium is an outstanding example of commercial relevance in the 
development of a novel, bio-based route to replace a dirty, inefficient, and dangerous chemical route. 
The project team is well described and includes a suite of industrial partners who are experts in their 
specific part of the program. Most of this team has worked together on an earlier project, where the 
technology was developed, so the likelihood of successful interactions seems favorable. In addition to 
using bio-based starting materials, the impact of a technically, economically, and environmentally 
successful scale-up would be transformational to the production of ACN, polyacrylonitrile, and 
composites. If more economical, it may broaden carbon fiber market penetration, allowing 
lightweighting of more products (e.g., in transportation) with concomitant energy savings. Progress is 
promising across the project and appears on time (understandably, the project timetable has been 
adjusted to accommodate COVID-19-related delays). A specific concern continues to be catalyst 
lifetime, although progress has been made (10-fold improvement in regeneration interval); this work 
continues. 

• This is a very solid consortium, with lots of positive features. The fossil-based route is neither clean nor 
efficient, so it should be both an easy target and a process well worth replacing for multiple reasons. The 
merger of biotechnology, catalysis, and thermal processing is an innovative combination. It is also 
something not frequently mentioned, but the fossil route uses propylene, and bio routes to propylene are 
not very efficient, so we’re better off going to 3-HPA directly rather than trying to replace the fossil 
propylene source with a bio-based equivalent. Strong partner group. The management plan is superficial, 
and there is no risk mitigation plan. The approach seems appropriate, though there is not a lot of depth in 
the explanation. Progress is good given timing, costing to date, and COVID-19 impacts. 
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FERMENTATIVE PRODUCTION OF TULIPALIN A: A NEXT-GENERATION, 
SUSTAINABLE MONOMER THAT DRASTICALLY IMPROVES THE 
PERFORMANCE OF PMMA 
Arzeda 

PROJECT DESCRIPTION 
Methylmethacrylate (MMA) is a large-volume 
petrochemical monomer with a $6 billion/year global 
market. Its homopolymer, polymethacrylic acid 
(pMMA) is a transparent plastic with applications in 
surface coatings, automotive and aerospace 
casts/sheets, and optical devices. Tulipalin A (alpha-
methylene butyrolactone, MBL) is a sustainable 
monomer that as a homo-polymer or copolymer with MMA yields materials with similar properties as pMMA 
but significantly higher Tg (105°C for pMMA, 195°C pMBL), improved scratch and mar resistance, improved 
weatherability, as well improved birefringence in optical applications. Although MBL occurs naturally in small 
amounts in tulips, the metabolic pathway is only partially known, and the molecule is not produced by any 
microorganism. Chemical routes are too expensive to reach target prices, so today there are no scalable, cost-
effective production routes.  

Using proprietary computational pathway and enzyme design techniques, Arzeda has developed an MBL 
catalytic route. Implementation into a fermentation host has already produced titers in the g/L from sustainable 
lignocellulosic material. Arzeda has developed a downstream process for the extraction and purification of 
MBL monomer from fermentation broth at high purity and yield and has demonstrated the ability to 
polymerize monomer into the clear plastic pMBL. Desirable thermal, mechanical, and optical properties that 
rival those of its competitor pMMA have been confirmed in collaboration with PNNL. 

 

WBS: 2.3.4.208 
Presenter(s): Alex Zanghellini 
Project Start Date: 10/01/2018 
Planned Project End Date: 03/31/2021 
Total DOE Funding: $1,997,854 
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COMMENTS 
• Management: The management plan and implementation appear to be high level and well organized. 

There is a clear list of risks (project challenges) that were identified. There is a small consortium of 
Arzeda and PNNL involved and appropriate organization for management. There are no downstream 
polymer processing companies involved, but this could be an opportunity for improvement later.  
 
Approach: There appears to be merit and potential in this approach to utilize Tulipalin A (alpha-
methylene butyrolactone, MBL) as a sustainable monomer. MBL can be used as a homo-polymer or 
copolymer with MMA; however, delivering an organism that can produce a lactone (MBP) at scale is a 
considerable challenge. Also, it is plausible but very challenging to deliver a novel polymer into the 
marketplace. Although it is not clear whether Arzeda has freedom to operate due to related prior patents 
from DuPont (WO2002101013), for the purpose of this review, it is assumed that this is not a concern.  
 
Impact: The project impact appears to have potential to head toward good outcomes as a polymer 
improvement. The authors describe having go/no-go goals and deliverables. The value proposition as a 
performance improving monomer/additive for polymers looks challenging but intriguing.  
 
Progress and outcomes: Current status includes a “proof of concept” strain producing detectable MBL 
product from two distinct pathways and early evidence that the polymer from MBP has “desirable 
properties” relative to MMA. The next steps of delivering iterative improvements in enzyme and strain 
appear to be making some progress, but with titers in the range of ~0.25 g/L from sustainable 
lignocellulosic material, there is still a long way to go. It is not clear if the product from “mock 
fermentation broth” involved fermentation or was simply extraction processing. Also, it is not clear how 
this work differs relative to citations described in the mini review by Kollar et al. (published in 2019 in 
Frontiers in Chemistry). The project describes polymer testing by outside labs, including improvements 
in properties (like glass transition point, modulus of elasticity, tensile strength, elongation at break and 
light transmission), which is promising. The information provided describes clear strain engineering 
targets, with the intermediate production milestone 1 g/L within sight and an initial market viability goal 
of 20 g/L titer. Progress toward these later viability goals will become critical. 

• The technical team has correctly identified key risks as low-cost production of Tulipalin, acceptable cost 
of MBL, and superior properties. The adoption of a not-in-kind plastic versus pMMA and polycarbonate 
would benefit from early engagement of plastic users to help determine incentives for switching and 
mitigate risks. A TEA earlier in the development timeline would be useful to guide targets for 
fermentative rate/titer/yield and cost to be competitive with current pMMA and polycarbonate. There is 
DuPont literature and patents in this area from 2002. Suggest looking at algal options in addition to other 
bacterial and fungal routes for establishing a scale-able and productive metabolic pathway to Tulipalin. 
A conventional sugar approach could improve potential for low-cost fermentation versus uncertain 
cellulosic sugar sources. Potential for a substantial reduction in GHG and energy is significant, but 
totally new polymers represent a challenging path to success. The current supply chain for pMMA and 
polycarbonates is well established, so replacing it with a not-in-kind MBL will likely require very 
differentiated performance and cost. Current organism performance of 0.25 gm/L is quite far from a 
potentially competitive fermentation platform. 

• The project proposes to identify a novel fermentative route to Tulipalin A (MBL) that can be scaled to 
enable MBL-based polymer to compete with pMMA. Although there is precedent for a bio-based 
Tulipalin A route (DuPont), MBL is not currently available except in relatively small quantities 
synthesized chemically. A successful program could ultimately lead to the production of a bio-based 
polymer at scale, providing positive impact to biomanufacturing and competing with incumbent petro-
based processes. Project management and high-level risks along the development pathway were 
generally identified. More data would have helped to clarify the route and progress and connect the 
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different parts of the project. For example, it was not completely clear whether the end product (MBL) 
was being (and is to be) produced in the fermentation strain or whether an intermediate in the pathway is 
produced fermentatively, with MBL made in a final (extracellular) reaction. Good progress has been 
made in identifying novel bioroutes to MBL. A strain was constructed and produces low titers when 
grown at the lab scale. An MBL-based polymer was made from sourced nonbiological MBL and exhibits 
some property improvements over pMMA. An initial downstream process has been developed to 
separate MBL from fermentation. The next stages of the program will be critical to determine the 
viability of the process and product. The titer, rate, and yield performance of the fermentation will need 
significant improvement (cells and enzyme performance), and the separations process will need to be 
scalable, maintaining yields and purity to enable economics. 

• This is a project with a great target molecule, MBL. They have expertly anticipated and navigated 
several technical and marketing uncertainties: demonstrated MBL production strain tolerance to high 
[Tulipalin] in media without the need for continuous product removal; simulated product isolation in 
high purity from a mock fermentation stream; and submitted bio-MBL to potential commercial partners 
to validate the performance of bio-pMBL. Pathway and enzyme engineering is a core strength of the 
investigators, but the basic science, the metabolic intermediate, and the three productive pathways to bio-
MBL are not revealed. When the patent applications publish, it will be interesting to see what pathways 
achieved in vitro production titers of 0.25 g/L. Can the authors describe productivity in the Tulipalin A 
bioprocess? What improvements are necessary to hit targets: strain improvements and/or enzyme(s) 
engineering? What is the anticipated timeline to improve production titer to 8 g/L to produce the 
requisite kg of bio-pMBL for the end-of-project milestone (when is project funding end)? Is the 
Tulipalin A pathway in the plant genus Alstroemeria revealed in PCT/US02/18230; WO2002101013A2 
relevant to this work? MBL production follows the action of four key enzymes (glutamate 
decarboxylase, gamma-aminobutyrate aminotransferase, gamma-hydroxybutyrate dehydrogenase and 
UDP-glucosyltransferase) on product intermediate of pyruvate and aspartate condensation. 

• This project seeks to create a biological process for Tulipalin A, an alternative to MMA with improved 
polymer characteristics. My impressions are related to the ability of the participants to obtain  Tulipalin 
A, and not on the merits of Tulipalin A as a sustainable replacement for MMA. Project-related tasks are 
outlined in a general sense, but no information is provided relative to personnel, 
interaction/communication between various tasks, or data management. Qualitative milestones would 
facilitate progress evaluation. Two reasons for optimism: a product isolation protocol has been 
developed that provides high-quality polymerized product an unidentified, necessary intermediate can be 
produced at concentrations of 80 g L-1. Unfortunately, it is not possible to determine the likelihood of 
success for evolving the necessary enzyme(s) for conversion of 0.25 g L-1 material to the required 
concentration to reach the next stage of development. 

• Unclear how it was concluded a priori that Tulipalin A is: “Price competitive to MMA.” What does slide 
7 tell us? Isn’t that the same plot for every substance whose production we might want to scale up? 
Reasonable enumeration of potential R&D/scale-up risks. Reasonable management plans. The approach 
appears to be sound, mostly familiar steps and methods. Assuming that some reasonable price target can 
be met, the impact would be large. But it is not clear that is possible based on a fermentable sugar 
feedstock. What is the theoretical yield? At that yield, what is a likely minimum selling price based on a 
rough estimate of fermentation costs? There should be at least a preliminary block flow diagram/process 
flow diagram (BFD/PFD) and “back-of-the-envelope” economics. It is not clear from the quad chart how 
much was costed when, and how that relates to the work presented, so progress is difficult to assess. 

PI RESPONSE TO REVIEWER COMMENTS 
• The reviewers comment on the lack of TEA data in our public release. Arzeda enzyme performance, 

fermentation, and separation goals have been guided for this project using Arzeda TEA models since 
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inception (2017). We calibrate our TEA using industrial fermentation benchmarks. These models are 
periodically reviewed and updated. The most recent detailed review was August 2020, where we 
examine manufacturing at 1,000 te/yr and 60,000 te/yr scales at specific sites in the United States. 
Process water recovery costs are included in the Arzeda TEA for bio-based MBL. This includes capital 
equipment and operating costs (primarily energy) for the recovery of most process water, following the 
precedent for typical existing fermentation sites in locations such as Iowa, Nebraska, and Illinois. 
Separation costs for the DSP including three orthogonal separation steps are included in the Arzeda TEA 
for bio-based MBL. We elected to design this way to ensure exceptional purity and robust quality for 
customers, even upon transition to industrial operation in tanks of 250,000-liter scale and larger. There 
are higher initial capital costs and operating costs for this choice; however, these costs are offset at the 
project level by the reduction of market risk. Note that Arzeda BioMBL will be used as a performance 
acrylate in the MMA space.  

• The reviewers requested more details on our fermentation targets and the likelihood of success in 
improving fermentation titers. Theoretical molar yield is 1 mole MBL per mole glucose fermentation or 
54.4 gram MBL per 100 gram glucose. The fermentation is microaerobic, in the limiting case with ½ 
mole oxygen utilization per mole glucose. Arzeda has four performance targets. Each successive target 
has higher rate, titer, and yield. Our initial commercial goal (“target 4”) performance target represents 
36% of known related pathway flux; 75% approach to theoretical yield; 15% of known specific rate 
gram product/gram cell-hour; and economic titer goal. This was used to define our first milestone of 
8g/L titer and ultimate DOE project target of 20g/L titer. At the time of our presentation, we had reached 
a titer of 0.25g/L. In the last 3 months, the incorporation of our latest generation of enzymes yielded a 
titer of around 2.5g/L in 4 days of fermentation (a 10-fold improvement). With additional rounds of 
computational enzyme design, metabolic engineering, and fermentation process optimization, we are 
very confident in our ability to reach titers in excess of 20g/L within the end of this project (in 12 
months). Regarding feedstocks and hosts, the bulk of our work is dedicated to converting DE95 to 
Tulipalin A (MBL), but we have demonstrated that we can utilize C5 and C6 sugars from 
lignocellulosics. We anticipate initial commercial applications might be using commercial DE95 but 
would like to ultimately transition to lignocellulosics based on feedstock availability and economics.  

• The reviewers rightly emphasize the consideration to be given to the difficulty and long timeline 
associated with commercializing a new monomer. We agree and are well aware of such challenges, but 
we have incorporated this in our Tulipalin A commercialization plan. As pointed out by one of the 
reviewers, we engaged from the inception of the project in business development and customer 
application testing of Tulipalin A (MBL) and uncovered that MBL can be used either as high-
performance additive and copolymer as well as a monomer for new polymer (pMBL). This means that 
we have the opportunity to first enter the market as a high-value, low-volume additive, which lowers the 
scale-up barriers as well as the adoption time compared to an entirely new monomer. Instead of 
immediately attempting to transform the MMA value chain, we will initially introduce MBL as a new 
additive to the existing value chain for performance applications. As we complete this, get market 
traction, and continue to improve our fermentation process economics, we will then be able to expand 
the market to introduce MBL as a pure play MMA replacement over the typical 5- to 10-year period 
needed to ensure market adoption of new polymer while having generated recurring revenues to sustain 
the effort. 
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SYNTHESIS AND ANALYSIS OF PERFORMANCE-ADVANTAGED 
BIOPRODUCTS 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
PABPs are “novel products where the bio-based … 
product does not resemble an existing petroleum-
derived molecule … but offers a performance 
advantage over existing products” (Fitzgerald, Bailey 
2018). PABPs are an exciting area with near-term 
potential to accelerate the bioeconomy. We focus on 
synthesis, characterization, and economic and 
sustainability analyses for PABPs, aiming to leverage the inherent chemical functionality of molecules from 
carbohydrates and lignin via chemical and biological transformations. We collaborate with other BETO 
projects to source new molecules. Our work is integrated with the Inverse Design project, which provides 
computational predictions for PABPs and first principles-based results to explain observed properties. 

Primary outcomes include (1) a Nature Reviews Materials paper that establishes PABP design principles, (2) 
performance-advantaged nylons from beta-ketoadipic acid, (3) new recyclable thermosets from bio-aromatic 
amines, (4) new performance-advantaged plasticizers that are less toxic, and (5) the experimental validation of 
a machine learning tool, PolyML, from the Inverse Design project. Going forward, we are working toward an 
integrated framework to dramatically narrow PABP design space and a material flow analysis of commodity 
chemicals as a benchmark for PABPs. Our main challenges are in the sourcing of new molecules that are not 
commercially available and the need for comprehensive characterizations and scale-up for technology transfer. 

 

WBS: 2.3.4.501 
Presenter(s): Gregg Beckham 
Project Start Date: 10/01/2020 
Planned Project End Date: 09/30/2023 
Total DOE Funding: $920,000 
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Photo courtesy of NREL 

COMMENTS 
• Management: The management plan and implementation appear to be well organized and high level. 

Risks are identified. There is an impressive team of contributors from NREL as well as ongoing 
collaborations with multiple universities through the collection of BETO projects in the portfolio. There 
are regular meetings, and the program is showing good progress and appears to be very well organized.  
 
Approach: There are multiple parallel projects embedded in this overarching team of efforts “at the 
nexus of multiple projects.” Overall, there appears to be substantial merit and significant potential in 
these efforts. The goal is to identify sustainable PABPs through synthesis, characterization, and 
economic analysis. The organizational/management aspect of this project is commendable and keeps 
everyone focused on deliverables and making progress. With a broad array of efforts, this has significant 
potential for innovation and looks promising.  
 
Impact: The project impact has the potential to deliver good outcomes with thorough oversight and 
review processes and deliverables in place. It is not clear at this time which subproject will be the lead. 
The most promising areas are: (1) PABP design principles, (2) performance-advantaged nylons, (3) new 
recyclable thermosets, (4) new performance-advantaged plasticizers, and (5) the machine learning tool, 
PolyML. It will be good to see how well this can deliver against end-of-project milestones and how this 
might enable future focus toward identifying lead topic/targets and honing in on the most promising.  
 
Progress and outcomes: Results are showing excellent promise relative to the metrics set. Impressive set 
of publications. The project appears to have coped well despite the COVID-19 impact, and progress and 
outcomes look promising. Overall, the project has made good progress toward addressing the project 
goals. 

• Management: Strong management team, with synergies between partners. Communication protocols are 
outlined well. Risks are conveyed, with contingencies considered. Slides 3–4 are clear and strong. This 
section is excellent.  
 
Approach: Combining PolyML with directed polymer synthesis is clever and should result in useful 
biomaterials. It is clear that this project is closely tied in with project 2.3.4.500, which strengthens the 
breadth of this approach. Together, they provide excellent synergy (it raises the question as to why they 
are separate projects).  
 
Impact: Agreed (slide 7), experimental R&D coupled with PolyML analysis can de-risk technology prior 
to industry scale-up of polymer production. It is appreciated that amines are derived from biomass and 
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that methyl muconates are sourced via the thermochemical conversion of biological materials. Having 
said that, biomass represents a broad swath of materials, and describing bio-based amines is equally 
broad. For the uninitiated, this section may have been made stronger by briefly describing the sorts of 
substrates that are imagined to be used for these end products. The front end of this argument (i.e., 
substrate pretreatment, availability and broad costs, even conveyed broadly) would improve context. 
Even saying products from lignin is very broad.  
 
Progress and outcomes: Excellent progress to date on multiple fronts, including the beto-keto acids and 
plasticizers. Great progress shown in slide 18, whereby 8 polyesters and 12 polyamides are synthesized 
to validate PolyML predictions. 

• Excellent team composition for defining potential pathways to PABPs from inherent bio-based sources. 
Developing performance targets would benefit from additional participation of materials companies 
early in the design process. Additional access to prototyping candidates will accelerate go/no-go 
decisions. Focusing on molecular structure/property relationships is paying big dividends by helping 
screen thousands of candidates to a promising few. TEA and routes to market analysis re needed to 
further refine the selection of candidates for scale-up. Would like to see replacements for currently 
expensive hexamethylenediamine for polyamide monomers, potentially over adipic acid replacements. 
This approach, when fully developed, will open up many renewable and sustainable replacements for 
polymers, plasticizers, and additives. Potentially exciting game-changers. Despite limitations on 
prototyping, the candidates identified so far have great potential. Low productivity of beta-ketoadipate 
production is a concern. The polyamide polymer has promising properties, but cost may be a potential 
showstopper. 

• The project linkages are excellent, including ABF and BioSeparations. As with some other similar 
projects, there should be more recognition that this is not just “to make fuel production more 
economical.” Biofuels can be displaced by alternatives, either now or eventually. The key is that where 
we need chemicals and materials, we need to find ways to get them without maintaining access to an 
extensive petroleum and natural gas liquids supply line. Otherwise, we never get to 100% renewable. 
The management and risk mitigation plan are a little light, but okay. The scope, approach, and 
subprojects/themes are a little confusing. Exposition could use some work. The Van Krevelen diagram is 
useful, although for non-polymers or low-polymers, matching C-numbers would be another obvious 
criterion. There are so many high-value functional molecules and formulations, how to cast the net even 
more widely? Progress appears very good for the time and money spent and with the difficulties of the 
past year. 

• This program is outstanding and well-rounded, working hand in glove with the Inverse Design project 
(reviewed separately). The project team, communication plan, risks/mitigations, and commercialization 
path are well described. The approach uses computational-experimental interplay to navigate the 
biodesign space to identify possible PABPs, and experiments focus on PABP syntheses and 
characterization. This project focuses on the synthesis and characterization of bio-derived PABP 
candidates and feedback into the design loop to the Industrial Design project. The approach has a high 
potential for innovation and novelty, including the development of tools to design, produce, and analyze 
PABPs. The team is actively engaged with industry to determine customer needs and value propositions. 
Progress has been excellent, with the number of new formulations exceeding the project target; several 
of these are PABPs. Examples (improved nylon enabled with bio-based beta-keto diacid; bio-derived 
amines for thermosets; methyl-muconates as PVC plasticizer) illustrate the potential for PA as well as 
manufacturing/environmental benefits. 

• This project has multiple BETO project connections (from conversion to separations) and is on course to 
develop a powerful and enabling platform technology. Very energized by the diacid work (beta-keto 
adipic acid) and the bio-amines (4-aminophenyl ethylamine): the former when incorporated into nylon 
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polymers, which had a significantly higher glass transition (Tg) while significant lowering of water 
permeability; the latter when incorporated into epoxy thermosets creates a triazine, which provides a 
degradable site target end-of-life recycling. The focus is on performance-advantaged nylons (with BKA) 
and thermosets from the bio-derived amines and potential future plasticizers (near and longer-term 
project), but there may be great value looming in the additives space; a small quantity can make a high 
impact in a formulation. Given the increasing regulation and scrutiny of some incumbent additives (as 
preservatives, plasticizers, stabilizers), it is a space to continue exploring for more benign molecules that 
provide a performance benefit. I appreciate the inclusion of meaningful metrics (e.g., yield expressed on 
a mol/mol basis and productivity). The charts on pages 12 and 14 provided excellent clarity of the impact 
on GHG emissions by the parsing processes based on feedstock. 

• This project utilizes the expertise that resides in the national labs—extending from bioproduct 
acquisition to formulation, characterization, and TEA/GHG analysis—to identify performance-
advantaged biomaterials. An impressive array of targets and formulations have been examined and 
multiple PABPs identified and communicated in publications. Several polymers are being scaled up for 
testing by industrial partners. This reviewer is left with the following questions: When is the right time to 
shift focus away from identifying additional PABPs to pushing several PABPs to the point necessary to 
garner significant industrial investment? Alternatively, would it make sense to spin a small number of 
PABPs off into separate projects for more focused efforts on pathway engineering, materials validation, 
and applications? 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the Review Panel for the positive comments and constructive inputs. We are very excited 

about the continued success of this project, in collaboration with the Inverse Design efforts, to provide a 
generalizable framework for the identification, optimal production, synthesis, and characterization of 
PABPs. We fully agree that performance targets for new PABPs cannot be fully defined by our project’s 
efforts alone and that industry collaboration to that end will be critical. Our focus is thus on synthesizing 
new PABPs, determining their baseline properties, reporting them in the patent and peer-reviewed 
literature, and then working with industrial partners who can help us define additional performance 
criteria that must be met. As described in the presentation, this project has spawned multiple Energy I-
Corps teams, active technology transfer, and active partnering efforts with the industrial community—all 
toward exactly what the reviewer suggests: namely, that we need industry collaboration and input to 
make any of these PABPs ultimately successful in the marketplace. In terms of the need for TEA, we 
have this effort embedded in this project, as described during the presentation, and we are using TEA 
and Materials Flows through Industry as key tools to identify opportunities for scale-up activities. In 
terms of hexamethylenediamine, this is an excellent suggestion, and as discussed during the Q&A 
session, we have several strategies to make this molecule (and related molecules) now, which we will 
test when bandwidth allows. For the concern regarding the low productivity of beta-ketoadipate, we note 
that from lignin-derived aromatics in the Biological Lignin Valorization project, we are currently able to 
achieve 0.9 g/L/hr, and we are actively working to improve the productivity from sugars in the Agile 
BioFoundry project beyond the current level of ~0.2 g/L/hr. Regarding substrates, we fully agree with 
the reviewer that there are many potential substrates that could be leveraged for PABP syntheses. We are 
excited to have onboarded Northwestern University (Linda Broadbelt) and Iowa State University (Brent 
Shanks) as academic partners exactly to this end. Using chemical operator tools that Professor Broadbelt 
is a world leader in the development of, we will be able to identify the most atom and energy-efficient 
routes from waste biomass (and other waste) feedstocks to PABPs. Moreover, as identified by the 
reviewer, this project aims to source molecules from the entirety of the BETO portfolio. The reviewer 
brings up an excellent point related to spin-off into separate projects for individual PABPs. Our current 
mechanisms are to leverage other projects (e.g., the Agile BioFoundry, Biological Lignin Valorization, 
Lignin Utilization) for the pathway engineering and catalysis development (to make the necessary 
molecules in a cost-effective manner) and to collaborate with industry via Technology 
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Commercialization Fund projects, Small Business Innovation Research, FOAs, and other mechanisms 
that DOE has established to aid in viable technology transfer. Certainly, we fully realize, as the reviewer 
does, that this project alone will not be able to wholly develop the full potential of some of the promising 
PABPs developed herein, but there are mechanisms in place that DOE has enabled to aid in this 
transition. In addition to leveraging DOE mechanisms, we are continuously investigating methods to 
enable a single molecule to be used in multiple applications that can further de-risk technology 
development and enable a more facile pathway to market. To cast a wider net, we are targeting more 
PABP product classes in the current 3-year AOP cycle. This includes additives, such as our PVC 
plasticizer example, that command large market sizes and can exhibit have a shorter path to market than 
new polymer formulations because small molecules can be used in many formulated products. Last, we 
fully agree that bio-based chemicals and materials are critical to displace our collective dependence on 
fossil carbon-based inputs used for today’s chemicals and materials. 
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BIO-OPTIMIZED TECHNOLOGIES TO KEEP THERMOPLASTICS OUT OF 
LANDFILLS AND THE ENVIRONMENT (BOTTLE) 
BOTTLE 

PROJECT DESCRIPTION 
Plastics have revolutionized modern life, but reliance 
on these fossil-based materials that persist for 
centuries is causing a pollution crisis and contributing 
to GHG emissions. To develop new technologies to 
address this problem, the BOTTLE Consortium will 
deliver selective, scalable technologies to enable cost-
effective recycling, upcycling, and increased energy 
efficiency. BOTTLE is an interdisciplinary team of experts that aim to develop selective, scalable processes to 
deconstruct and upcycle today’s plastics and thermosets; redesign tomorrow’s plastics to be recyclable-by-
design and derived from both bio-based and plastic waste-based feedstocks; work with industrial partners 
across the value chain to catalyze the circular economy for plastics; and leverage the Advanced Manufacturing 
Office and BETO investments in analysis-guided R&D, integrated process development, chemical and 
biological catalysis, materials characterization, modeling, and data science. BOTTLE is guided by TEA and 
supply chain-based LCA. BOTTLE comprises members from 10 partner institutions. Primary outcomes to date 
include the establishment of a full consortium; impactful, benchmarking analyses that will be important for the 
plastics recycling and upcycling community; and multiple impactful, high-impact publications across the 
breadth of our research portfolio. 

 

WBS: 2.3.4.504 
Presenter(s): Gregg Beckham 
Project Start Date: 10/01/2020 
Planned Project End Date: 09/30/2023 
Total DOE Funding: $10,125,000 
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Photo courtesy of BOTTLE 

COMMENTS 
• Management: This is a remarkably diverse program. It includes thermal and biochemical routes toward 

deconstruction, upcycling, designed recycling, scale-up, and deployment. This presents an unwieldy 
team, by definition. Their management proposal is very good and well-presented—considering their 
breadth and diversity. Slides 10–15 (part 1) in the presentation are strong, showing a wide array of 
partners, specific roles, the advisory board, etc. Individually, team members are strong leaders within 
their respective fields, starting with Gregg Beckham, which, accordingly, implies strong leadership 
across individual projects across this broad program. The communication chain is described (slides 19–
21, part 1), which is not always the case. This is a strong discussion. The role of industrial partners will 
be important and provides confidence that this project will have impact beyond publications.  
 
Approach: BOTTLE is aimed to be complementary to other DOE activities in this space: REMADE, 
Energy Frontier Research Centers, etc., and the machine learning, modeling work (described here and 
elsewhere) is strong. The case for analysis-guided R&D is clear and strong. It is clear that TEA, LCA, 
Materials Flows through Industry, and environmentally extended input-output will be used widely for 
decision making, which is commendable. This should broaden the impact beyond basic science.  
 
Feedstocks: A significant shortcoming of the discussion was the lack of detail on how real-world 
substrates (from our current material-handling infrastructure) will be utilized within the relatively clean 
science described throughout. Slide 27, which mentions a Substrate Csar and use of model substrates, is 
a good start, but it does not really address real-world substrates. There’s a gap here. Accordingly, the 
project missed a chance to address how we are going to get from here to there. Plastic recyclers have 
very dirty feedstocks with little incentive to clean them and few market outlets. So, even if this project 
succeeds completely, it did not describe how relatively diverse and dirty plastics coming from a 
recycling plant will be characterized and utilized. The broad swath of programs that are at differing 
TRLs but under “one roof” allows for synergies that might not occur among individual projects. For 
example, if biological conversion of PET falls short, the team can transfer priorities toward chemo-
catalytic approaches, and so forth.  
 
Impact: The team provided an excellent context to the problem, outlining clearly why plastics is an 
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energy issue. Specifically, 6% of the worlds fossil fuel consumption goes into making polymers, which 
is to expand toward 20% in the next decades. The potential impact is outlined well. Industry engagement 
is strong. Presumably through this engagement, the impact will go well beyond academic channels 
(beyond basic research toward commercialization). PET upcycling is definitely still in its very early 
stages; it represents basic research that will likely require a long time period toward impact, likely well 
beyond the scope of this project. Universal adoption of PolyML in and of itself is a potentially strong 
impact from this research. It holds promise well beyond the scope outlined here, but the BOTTLE 
project can give PolyML visibility and range.  
 
Progress and outcomes: The PET projects are particularly promising. This team includes some of the 
world’s leading proponents of catalytic conversion of PET to reusable chemicals as well as enzymatic 
deconstruction/conversion. The research on alkane hydrogenolysis of polyethylene (PE) (slides 21–23, 
part 2) is solid research and very promising. Similarly, the polystyrene chemo-catalytic deconstruction 
research (slide 24) is appreciated, but harping back to comments about substrate infrastructure, it is not 
clear what streams of polystyrene this will address. Polystyrene has proven very elusive to recover 
within our present infrastructure. The research is elegant, but its impact is debatable (context is needed 
here). The polyhydroxyalkanoate (PHA) research was presented broadly, raising the direct question: 
What is new here that has not been tried for the past 30 years? A little more detail would help provide 
more context and/or scope of impact. The team has already made progress (despite the pandemic) and is 
on or ahead of some schedules. This is a strong project with a very positive future. 

• This is a very comprehensive approach based on sound analysis and extensive use of supporting areas of 
science and engineering. Strong connections to the plastic industry to provide constructive input. 
Looking at the volume of individual classes of plastics is an excellent way to prioritize efforts. A broad 
selection of mitigation options, from deconstruction to recycling, upcycling, and developing renewable 
alternatives to the design of products that can be more easily recycled. I’m concerned that there is a 
heavy reliance on PHA, which has current property deficiencies and significant risks to successful scale-
up and commercialization. I would like to see mitigation of landfill disposal with improved mixed plastic 
waste recovery, sorting, and chemical or thermochemical recycle to monomers and fuel precursors. I 
suggest benchmarking of end of life to see if more robust but ultimately biodegradable polymers could 
significantly improve the overall LCA. This broad yet deep approach has the potential to significantly 
reduce the impact of current products as well as guide the development of attractive and more 
sustainable alternatives for the future. Although it is still early in the plan, good progress has been made 
in identifying ways to mitigate impacts via recycle, upcycle, and alternative design of products. I would 
encourage additional emphasis on systems that rely on renewable sources and offer ultimate 
biodegradability because landfills and the environment will remain a significant end of life for plastics. 

• Management: The management plan and implementation appear to be high level and well organized with 
many outstanding organizations (NREL, LANL, ORNL, SLAC, ANL, Northwestern University, 
Colorado State University, Montana State University, University of Portsmouth, Massachusetts Institute 
of Technology). This is an impressive consortium of entities and showing good progress and appears to 
be very well organized with a governing board and strong leadership team; plus, there is a technical 
advisory board and commercialization council.  
 
Approach: There is substantial societal and technical merit and significant potential in these approaches 
of “deconstructing and upcycling plastics” as well as “recyclable-by-design.” On the plus side are 
opportunities that do not involve consumers, such as windmill blade recycling, etc., so I wonder about 
some kind of targeting exercise to identify those things that could be targeted to become the best fit; 
however, I am very concerned that much of this technology will amount to naught because (1) there is 
insufficient value in the downstream value chain, and (2) consumers do not recycle because so many 
different plastics cause confusion, and there is little incentive. Nevertheless, I recognize that this 
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investment in deconstruction and recycling is not aiming to solve the societal challenge, and therefore I 
am not negatively evaluating the project.  
 
Impact: The project impact appears to be headed toward good outcomes with thorough review processes 
and deliverables in place. The project is relatively early stage to define clear commercialization potential, 
so real impacts are hoped for in the future.  
 
Progress and outcomes: It is too early to comment on progress except in the context of the team and how 
well it is getting started. BOTTLE is clearly highly functional and working hard and appears to be poised 
to start making progress toward future outcomes. Being led solely by TEA and LCA is a potential flaw 
because societal impact might identify what would actually be more likely to work well. It would be 
interesting to know if there might be an intermediate goal of zero ocean waste, as opposed to reducing 
incineration. I wondered if there be value in a focus on PET—something like focusing solely on that 
value chain and trying to make it work and then using that as the learning for a future effort on other 
targets. 

• BOTTLE is extremely well managed and carefully oriented toward the appropriate issues. The direct 
energy consumption issue is important, of course, as is the environmental impact, but a third key issue is 
the importance of plastics and their reliance on fossil energy. We need to replace them with recycled 
plastics or with renewable-based plastics to eliminate a need for the fossil industry in that context. All 
uses of energy as such can, in theory at least, be replaced by renewable sources other than biomass (e.g., 
electricity, hydrogen), but organic “stuff” requires a source of carbon, and the only practical source in 
the foreseeable future is renewable biomass. Another key aspect of BOTTLE, though noted in the slide 
deck, could do with some emphasis. The United States is responsible for a disproportionate share of the 
world’s waste plastic. Further, as is now well documented, the winds and waves and tides ensure that 
U.S.-derived waste shows up on the world’s beaches, in the world’s oceans, and, most recently, in 
snowfall in the remote Siberian Arctic. Part of the job of maintaining (repairing?) our standing on the 
world stage is to take responsibility to clean up the messes we make, and waste plastics are a mess for 
which we are responsible to a very large extent. There are so many elements to the BOTTLE program 
that it would be impossible to comment on the “approach” for each. It is clear that the selection of topics 
and the approaches being taken are both being done thoughtfully and effectively. The recycle/upcycle 
work is especially good. The “recyclable-by-design” elements are a bit naive in some cases. They need 
to pay more attention to a range of practical issues, and perhaps a more robust industry advisory program 
would help. The potential for impact is clear, but most of it has yet to be achieved. There should be 
something included in future Peer Reviews to track outcomes longer term. It is much easier to project a 
successful outcome than to achieve one, and we’ve all become very skilled at doing so. And even 
applied R&D takes time to achieve real-world impact, so during the course of 3 or 5 years of funding, 
often all we have is projections. Progress to date is excellent. As is often the case, there are a few sub-
elements that have been less successful but that generally seem to be due to the unpredictable obstacles 
that can crop up in R&D, not to any shortcomings in the researchers or their plans. 

• Impressive presentation: Sufficient details were supplied; the content was organized and easy to 
comprehend. The BOTTLE Consortium has a well-designed organization structure and communication 
plan that should mitigate risks inherent in managing a large, multi-institutional program and achieve 
desirable participant communication and collaboration with appropriate external feedback. The 
consortium engages multiple advisory groups so that its internal communities are linked. Developing and 
deploying a common set of logos/taglines is a valuable strategy to create uniform messages and 
strengthen cohesiveness within BOTTLE but also a useful tool for outreach and marketing to external 
audiences. A clear vision of what success looks like for the BOTTLE projects is well articulated, with 
specific metrics in energy, carbon, and economics. The initial work has resulted in an attractive patent 
and publication portfolio. Aggressive outreach to 80 companies has resulted in identifying five 
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companies that may bring earnest investment to the table and provide credible and critical input. This is 
timely because several BOTTLE projects will transition from ideal samples to confront the challenges of 
deconstruction on real-world materials. There has been significant progress in the proof-of-concept work 
since the 3Q20 inception of consortium; BOTTLE appears to be on track with meeting milestones. 

• The BOTTLE Consortium presents a strong rationale for taking a go-big-or-go-home approach to the 
significant challenge of solving plastic pollution and waste. This is a large and diverse effort requiring 
superior governance to keep it on track, data-transparent, and, at the same time, nimble. The 
management plan, implementation strategy, risk identification/mitigation, and communication plans are 
detailed and appear to position the consortium for success. A balance will need to be struck to not 
overburden the teams with administration. Industry engagement is built into the governance structure and 
demonstrates a commercial mindset for project outcomes. The well-planned approach addresses the 
plastic waste crisis by developing and applying a wide set of technologies. This has substantial merit and 
is consistent with BETO Program and Technology Area goals. Significant innovation will result from 
many of the technical work streams. This program, if successful, has the capability of providing 
momentum for more collaborations and industrial adoption. The portfolio appears to be on track: 
Progress has been significant, with several patent applications and publications to date. Achieving all of 
the energy, carbon, and economic metrics will ultimately determine the commercial impact. One issue 
central to commercialization lies upstream, where effective collection of mixed waste and variable 
substrates in sufficient quantities are prerequisites to commercial success. This will be true for current 
waste streams and future circular-life polymer designs. Another challenge to the introduction of new 
polymer designs is slow industrial acceptance. New products will need to exhibit superiority in product 
performance, economics, as well as environmental footprint. It will be valuable to see how the 
consortium progresses and adjusts to upselect or downselect specific parts of the portfolio as it matures. 

• The strategic planning and organization invested in the BOTTLE Consortium is impressive. With 
metrics defined around energy reduction, carbon utilization, and improved economics for reclaimed 
materials, some portions of the consortium (redesign, upcycling) fit better in the BETO portfolio than 
others (deconstruction); however, a collaborative, multidisciplinary approach is necessary to address the 
ambitious goals that have been laid out. Based on the pillars of deconstruction, upcycling, and redesign, 
the consortium seeks to reduce accumulating polymer waste, utilize deconstructed carbon, and, most 
significantly, lead an effort for the discovery and validation of new polymeric materials. The 
management structure is clearly defined; however, inclusion of individuals serving on the technical 
advisory board would be beneficial. Significant progress has been made in establishing foundational 
documents, which facilitates engaging with industrial partners, and establishing a polished 
communication platform. The newly established website simultaneously targets technical and 
nontechnical audiences. There is already strong industrial engagement, and it is appropriate that a 
government-funded consortium take a leadership role in such a significant global, societal problem. On 
the technical front, the program is still very new for significant impact or progress. The strength of the 
program is in the number of approaches that are already under examination. I optimistically look forward 
to the technological developments to come from this consortium. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the Review Panel for their overall positive comments and constructive inputs on the BOTTLE 

Consortium. We are incredibly excited about the potential for the consortium to be successful in the 
coming years as activities ramp up. In terms of the technical advisory board, we are finalizing the 
composition of this body now, and we did not have full commitments from the board members by the 
time of the Peer Review presentation, given that BOTTLE is a new consortium. We will be excited to 
share this information in the next BETO Peer Review. The comment regarding the non-consumer 
opportunities is excellent and warranted—indeed, we fully agree that there are industrial (non-consumer) 
plastic wastes that could serve as excellent “point sources” and opportunities for BOTTLE R&D efforts. 
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Although not discussed in great detail, we have engaged with an outside consulting firm to conduct an 
industry landscape analysis exactly to this end already. They have identified multiple application areas 
that we are targeting directly now through our robust industry engagement activities.  

• Regarding the comment about much of this technology not coming to fruition because of insufficient 
value in the downstream value chain—this is exactly the intention of the upcycling efforts in BOTTLE. 
We are aiming to develop technology that will incentivize the recycling of waste plastics, not only from 
consumers but from all sectors of the economy. Regarding the comment about the lack of societal 
impacts in the project evaluation criteria, this is an excellent comment, and something that we are 
attempting to address as we move forward. Work to this end is emerging now in the analysis literature 
from leading groups in this space, and we are establishing collaborations to this end to help us quantify 
the societal impacts outside of what TEA, LCA, and environmentally extended input-output modeling 
frameworks already provide. In terms of an initial focus on PET, we agree with the reviewer that there is 
value in developing a technology portfolio focused on a single polymer, then expanding beyond that. For 
PET in particular, we are indeed already developing a strong R&D portfolio focused on this polymer via 
enzymatic hydrolysis, glycolysis, and hydrolysis. These technologies are being actively compared now 
with TEA and LCA.  

• In terms of not overburdening the team with administration—we could not agree more. To this end, we 
have established a centralized management structure with a CEO, COO, and project manager who can 
handle most of the administrative duties of the consortium leadership, operation, and management, with 
the intention to enable the BOTTLE team to focus on impactful R&D. Regarding the need for upstream 
collection, we fully agree with the reviewer that many technologies we are developing will require 
sufficient substrate of the right quality (which will depend on the conversion technology being 
employed). Although R&D in the collection and sorting of plastics is outside the BOTTLE scope, we are 
actively engaged with both R&D activities in this space (e.g., with REMADE) and with industry on this 
front as well. We are also leveraging efforts in feedstock collection and sorting for plastics ongoing in 
the Advanced Manufacturing Office and BETO portfolios. We fully agree with the reviewer that new 
polymers will take many years to come to market in a meaningful way. Because BOTTLE is guided by 
TEA, Materials Flows through Industry, and other analysis approaches, and because we have the 
necessary expertise in the consortium to fully develop new polymer synthesis pathways, we are 
confident that we can rapidly advance new polymer designs to the point that industry engagement will 
become necessary to implement them at scale. We have a robust industry engagement model as well to 
ensure early feedback and industry collaboration into the polymer development efforts. Ensuring 
economics, sustainability, and performance metrics are met are key criteria that BOTTLE is pursuing in 
the redesign efforts.  

• Regarding the comment on PHAs, this was discussed at length during the Q&A session, and we hope 
that these concerns were mostly addressed there. We stress that we are not developing standard PHB or 
medium-chain-length PHAs, or even relying on microbial production of PHAs, which has been the 
traditional path for PHAs taken industrially for many decades. Instead, BOTTLE is relying on the world-
class expertise of Professor Eugene Chen (who leads the redesign component of BOTTLE) to chemically 
synthesize novel PHAs that are not biologically accessible. As shown in Professor Chen’s work 
presented during the redesign component of the presentation, we are able to chemically synthesize novel 
PHA materials chemo-catalytically that can be tuned to exhibit PE or PP-like properties. We are excited 
for the paradigm-changing PHA chemical syntheses that Professor Chen brings to the BOTTLE 
Consortium, which we believe will fully alleviate the justified concerns of the reviewer regarding 
traditional, biosourced PHA materials. In terms of mixed plastics recovery, this was not covered in detail 
in the presentation, but we have several ongoing projects that will be reported in future publications and 
patent applications regarding the deconstruction and upcycling of mixed plastics streams.  
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• In terms of the comment regarding fuel production, as noted in the overview section of the presentation, 
BOTTLE focuses on high-value end products, and we are not conducting R&D into plastics-to-fuels. 
This latter area is well served now by industry in the pyrolysis and gasification of waste plastics. We are 
conducting benchmark TEA and LCA now to understand the economics and environmental impacts of 
fuels production from waste plastics but primarily as another benchmark for our more selective 
approaches in the BOTTLE Consortium. Regarding the comment on biodegradable polymers, we fully 
agree that this is a rich area. We are actively developing the analysis framework to understand the 
economics, energy, and environmental impacts of this approach relative to recyclable-by-design 
polymers. We appreciate the comments regarding the strong leadership of BOTTLE. Regarding the 
comment about an unwieldy team, we built the BOTTLE Consortium team with complementarity as a 
key criterion from the start. Accordingly, though we have multiple, parallel activities ongoing, there are 
defined “lanes” of efforts with cross talk between them enabled by fortnightly R&D meetings that are 
focusing on impactful, industrially relevant research. The reviewer brings up a fair point that real-world 
feedstocks were not discussed at sufficient length during the presentation. Although not described 
thoroughly in the presentation, the BOTTLE Consortium is sourcing waste plastics from both industrial 
partners and ocean cleanup activities, exactly to this end, such that technologies that work on clean 
feedstocks can be evaluated rigorously on real-world feedstocks.  

• In terms of polystyrene as a substrate, the reviewer brings up an excellent point at the heart of the 
BOTTLE Consortium deconstruction and upcycling activities—namely, that we are working to develop 
technologies that will enable the upcycling of plastics that today are not collected in large quantities 
because mechanical recycling is not adequate for those materials. Not all of the technologies BOTTLE is 
developing today must be bounded by existing collection infrastructure, but, instead, we are attempting 
to develop technologies that will lead to the creation of new collection systems toward a more circular 
economy for plastics. Regarding the PHA research in terms of “what is new”—as described above, we 
have a wholly new approach to make a much broader range of PHAs use chemical catalysis; thus, we 
have a clear path that leverages the relatively straightforward depolymerization of PHA materials with 
the ability to tune the side chains to make completely new polymers, to gain control over the molecular 
weight and dispersity, and to avoid costly and limited biological production of PHAs that has been 
researched for many decades. We fully agree with the reviewer that biomass can offer a viable source of 
carbon for displacing fossil fuels. This is why the redesign component of BOTTLE focuses on the use of 
bio-based and waste-based feedstocks. In terms of the redesign approach needing a robust industry 
advisory program, we emphasize that the BOTTLE Consortium technical advisory board consists of 
representatives with expertise in this space, such that we will have direct advisors aimed at enabling 
success in redesign. It is also worth mentioning in this context that the BOTTLE Consortium industry 
engagement team has talked with more than 100 companies to date, and polymer redesign is by far the 
most common topic in these conversations; in other words, many industries realize that redesign for 
recyclability is a key component of a circular economy, and they are asking the BOTTLE Consortium 
and other research projects for new materials to this end. 
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RESIN: RESPONSIBLE INNOVATION FOR HIGHLY RECYCLABLE 
PLASTICS 
Northwestern University 

PROJECT DESCRIPTION 
We are developing a responsible innovation approach 
that marries computational-based approaches with 
experiments to design materials that achieve high 
polymer recyclability and benign degradation 
products at end of life. We target the polyurethane 
family of polymers, which ranks sixth in worldwide 
production, at 36 billion pounds produced in 2016 
and a 6% annual growth rate. Polyurethane is not recycled at any significant level when made of linear chains 
(thermoplastics) or cross-linked networks (thermosets). The SOA is 0% recovered monomers for polyurethane. 

The Northwestern University-ANL team, in collaboration with its industrial partners, focuses its efforts on the 
responsible recycling of bio-based polyurethane-like materials, namely bio-based polyhydroxyurethanes 
(PHUs) and polythiourethanes (PTUs), which offer the possibility of recovering value and improving 
sustainability in two ways: (1) recovery of monomer from spent materials, whether thermoplastics or 
thermosets; and (2) reprocessability of spent networks with full recovery of cross-link density and associated 
properties after reprocessing. Our approach is designed to meet the monomer recovery challenge as well as put 
thermosets on par with thermoplastics, where melt-state reprocessing of spent polymer into recycled high-
value products that meet original use guidelines is the most energy-efficient and responsible method of 
recycling. 

Approach: The overall design framework begins with biomass-derived intermediates as starting molecules, to 
which a computational framework for reaction pathway design is applied to generate potential monomers. 
These monomers will be used to synthesize PHU and PTU that can be reversibly thermally reprocessed 
(chemical recycling) for their original use. Experimental studies and kinetic Monte Carlo simulations are used 
to design conditions for optimal chemical recycling and assess the extent of degradation of properties upon 
repeated chemical recycling. Experimental design and kinetic Monte Carlo simulations of monomer recovery 
for PHU and PTU are also done, exploring conditions for high monomer yield. Environmental and economic 
analyses are being conducted in concert with these studies. Risk assessment for environmental performance is 
used to understand the potential impacts of disposal pathways of the plastics and exposure analysis of the 
polymers and their monomers. Testing for end-of-life properties involves both engineered and natural 
environments. Finally, LCA and TEA are done to assess alternatives, explore economic feasibility, and 
evaluate sustainability. 

Impact: The project will have impact on multiple fronts. We will achieve chemical recyclability of 25% 
monomer recovery from PHUs and PTUs. We will develop modeling and analysis tools to guide the 
production and recycling of PHUs and PTUs that are at least 50% biomass-derived; benign at end of life; are 
cost-effective; and are less energy-, GHG, and water-intensive than baseline polyurethanes. An additional 
focus is to develop PHUs and PTUs that exhibit equivalent or improved properties compared to conventional 
polyurethanes. Further outcomes of the project are publicly available tools for PHU and PTU design for 
recyclability, performance, and benignity that can be evolved to cover other types of polymers and publicly 
available cost and environmental assessment tools for recyclable bio-based polymers. A critical outcome is the 
demonstration of successful design of a market-relevant polymer while incorporating key performance 
requirements and end-of-life considerations that can be replicated for other polymer types. 

WBS: 2.3.4.607 
Presenter(s): Linda Broadbelt 
Project Start Date: 10/01/2019 
Planned Project End Date: 12/31/2022 
Total DOE Funding: $2,499,999 



2021 PROJECT PEER REVIEW 

 

1079 PERFORMANCE-ADVANTAGED BIOPRODUCTS, 
BIOPROCESSING SEPARATIONS, AND PLASTICS 

 

 
Photo courtesy of Northwestern University 

COMMENTS 
• The team has excellent breadth and depth. Current industrial advisors well represent the value chain. The 

use of Monte Carlo screening tools is a definite plus. Including both supply chain and end-of-life 
benchmarking helps identify key approaches to target development efforts. Having both recycle and 
biodegradability options in the plan is a plus. Polyester polyurethanes may offer higher-value outlets and 
be more recyclable. Polyurethanes are a significant market, and lack of recyclability is a major problem. 
I would like to see higher-value thermoplastic polyester polyurethanes in the plan as well. Monomer 
recovery from recycle approaches is lagging in this plan, so that is an area needing additional emphasis. 
There is good progress despite restrictions on mapping out the current state and evaluating on paper the 
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options. There is good progress on the Poly-hydroxyurethane synthesis and characterization. Poly-
thiourethane synthesis and characterization is lagging but offers real potential. 

• Management: The management team is strong, with expertise across a broad reach of disciplines that are 
in line with the needs of the project. Corporate partners are strong. Communication strategies are in 
place. The team addressed the impact of COVID-19 on delays but noted that the computational 
components of the project had proceeded (which is suitable). The risk assessment framework (slide 15) 
is well described and looks to be a useful tool to allow stakeholders (corporate partners, presumably) to 
work closely toward optimal end-use design. As stated, this will make future decision points more 
meaningful, targeting potential commercial impact.  
 
Approach: Automated pathway design tools are being utilized, which is a strong starting point and 
should be encouraged. The modeling approach is described, including TEA and LCA results, 
Greenhouse Gases, Regulated Emissions, and Energy Use in Technologies (GREET), and an evaluation 
of potential supply chain disruption when polyurethane is designed for 25% monomer recovery (this last 
piece is unique). Again, the computational design of monomers and PHUs and PTUs for recyclability 
and functionality is a strong point in this work. Any tool that reduces the amount of trial-and-error 
chemical synthesis of monomers and polymers is commendable. Flow diagrams are always appreciated, 
and those on slide 16, for example, are useful guides toward assessing future directions and potential 
impact.  
 
Impact: On slide 8, they describe efforts on the responsible recycling of bio-based polyurethane-like 
materials—namely, bio-based PHUs and PTUs. That seems limiting and difficult. It was not clear how 
those particular streams would be isolated from post-consumer waste streams. This would have been 
strengthened by mentioning where and how these bio-based urethanes would be recovered and reused. 
Specifically, where do the spent materials actually come from? The end-of-life property testing (Task 5) 
is appropriate and described well, but (to repeat the point), it is not clear how the PHUs and PTUs will be 
isolated into biodegradation/composting streams. Carpet underlayment was identified as a possibility, 
but that is a stretch. If the team is depending on consumers, that is also a stretch. The obvious example is 
polylactic acid, which can degrade in composting facilities, but in today’s infrastructure, polylactic acid 
becomes a bane to both composters and recyclers. There is no infrastructure to identify and isolate 
polylactic acid materials (and it piles up, unwanted, at municipal recycling facilities). Will the spent 
urethanes be separated by consumers or industrial users, and how? It is still not clear enough.  
 
Progress and outcomes: The project overview (slide 3) is a nice graphic summary of progress and future 
steps that shows an appropriate level of detail. In computational studies, the team generated >40,000 
potential molecules and honed work down to 15 promising bio-based materials. That is good progress. 
Completing the synthesis of partially bio-based, linear segmented PHUs is a key accomplishment. A lot 
of work appears to have been accomplished (considering that they stated that the team was slowed by 
COVID-19). The systems economic and sustainability analysis (slide 21) is promising, outlining that 
there is potential to recover some polyurethane materials. 

• Polyurethanes are the sixth largest class of polymers produced, but there is currently no recycling 
technology. This project seeks to develop PHUs and PTUs that are recyclable and reprocessable. Each 
task is assigned to a lead, monthly meetings are scheduled for data sharing, and engagement with 
industrial partners has been established. The computational framework for the identification of bio-based 
targets for polymer synthesis has been successfully implemented, and molecules have been identified. 
The project has may have significant impact associated with identifying biologically derived molecules 
and performing the initial characterization of the materials and their recyclability. Downstream 
validation, applications development, and displacement of in-place materials require significant 
resources; are the current industrial partners committed to serving in this role or are additional partners 
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needed? PHUs that are fully or partially bio-based with tunable characteristics have been synthesized 
from computationally identified molecules. Whether those characteristics can be tuned for industrial 
applications is not described. One risk not identified by the project team is the difference between the 
rate of identifying putative bio-based molecules and the rate of obtaining the molecules and 
characterizing subsequent polymers. Dissemination of identified molecules to a wider audience might 
relieve this rate-determining step in the discovery process. 

• The approach of discovering biomass-derived pathways to manufacture degradable polyurethane 
polymers has significant merit. The use of computational approaches is exciting here, potentially 
enabling the navigation of vast design space to identify the most favorable pathways to be assessed by 
relevant criteria (including risk assessment and LCA), and, ultimately, wet-lab work. There is significant 
probability for innovation and invention in this program. Recovery of polyurethane monomer and 
iterative reuse without loss of desirable properties would have a substantial impact on sustainability, and 
biomass-derived monomers have a clear positive impact on the bioeconomy. The management plan, 
structure, communication, and risk identification are well described. Specific industrial entities are 
mentioned, although their role is not clear. Progress appears on track, including the synthesis and 
recovery of bio-based PHUs being demonstrated and end-of-life testing. 

• The team looks solid, and the management plan is okay. Risk mitigation is generic; it should anticipate 
likely obstacles to the research itself. With respect to the approach, there are several concerns: How 
important are PHU and PTU (among all polyurethanes)? Are they “disposable” and do they wind up in 
the environment? Are they collected/available as such, or must they be recovered by the mechanical 
deconstruction of complex objects. Recovery of 25% monomer is obviously better than 0%, but what 
becomes of the other 75%? Is it in a form harder to deal with than before? Can it be disposed of safely? 
It is not clear that “monomer design” is considering processing or material properties deeply enough. 
Any communications with the retrosynthesis efforts in the Bio-JET project? Tasks should be unique 
activities. Three Task 2s and three Task 3s on slide 3 is confusing. Two of the Task 2s seem more suited 
to conventional computer simulation than to kinetic Monte Carlo simulation. Is this a hammer in search 
of a nail? Progress is good in light of the constraints we’ve all face during the past year and the 
percentage costed to date. 

• This project is a fitting part of the BETO portfolio because the target polyurethane polymers are widely 
used but are currently not recycled. To date, the project team has made good progress: completed the 
syntheses of bio-based and partially bio-based PHU and PTUs (although scale, quantity, and yield data 
are absent); performed initial material properties characterization; installed end-of-life property test 
systems; and quickly pivoted to start initial economic analyses. For this reviewer to better assess 
progress toward anticipated goals, it would be helpful if the five project tasks were transferred to a 
timeline table in the presentation materials because it allows for better visualization of anticipated 
start/stop dates in the funding cycle(s). The recovery study achievement seems substantial: 
demonstrating 10% monomer recovery (40% of milestone target of >25% monomer recovery—but 
again, lacking details on scale). In notes for systems economic and sustainability analyses, polyester 
polyols are referenced for clarity; can investigators clearly denote in the body of the presentation 
whether their base case is based on polyurethane with a polyether polyol segment or with a polyester 
polyol segment? This may influence the TEA analyses for the baseline polyurethane systems supply 
chain, and this task is earmarked as the FY 2021 major milestone. 

PI RESPONSE TO REVIEWER COMMENTS 
• Reviewer comments on the ResIn: Responsible Innovation for Highly Recyclable Plastics project were 

very helpful and focused on five main points, which are summarized and responded to below.  

• Application and adoption of ResIn materials: The reviewers raised important questions about the 
application areas for the new ResIn materials. Overall, the focus is on developing materials with 
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properties that are comparable to polyurethanes that they would replace, and we have four specific 
properties on which to evaluate these materials and acceptable ranges: strain at break, Young’s modulus, 
tensile strength, and rubbery-plateau tensile strength modulus. In addition, new applications for ResIn 
materials have emerged due to properties that were unanticipated at the time of the validation stage of 
the project; specifically, excellent broad temperature range acoustic noise/vibration damping that is not 
observed in conventional polyurethane elastomers has been achieved. The industrial partners who are 
involved in ResIn are indeed providing regular input about the directions that would lead to industrial 
applications and adoption. Feedback about the desired properties that inform monomer design efforts is 
in place based on connections between Task 2 and Task 3; in addition, it is anticipated that the PolyML 
efforts in BOTTLE at NREL may be able to be leveraged for the ResIn project as they continue to 
develop.  

• Development and dissemination of computational platform and results: The dissemination of the results 
of our molecule discovery efforts is an area where we have put recent attention to ensure that the impact 
goes beyond our own synthesis activities. As part of the recent publication of our first manuscript in 
molecule discovery related to polyurethane replacements, we provided supplementary information of all 
pathways to target molecules, which any reader can download and cultivate to identify molecules that 
may be of interest to their own development efforts related to polyurethanes or other polymer classes. 
Although the Bio-JET project mentioned by the reviewers focuses on molecules for different 
applications those considered in ResIn, there may indeed be some synergies. In our own related work 
focusing on bioprivileged molecules, we have provided supplementary information to a recently 
submitted manuscript in the form of a JSON file that can be accessed by readers to explore novel 
molecule space for their own applications. A MongoDB database as a repository for multiple efforts in 
molecule discovery is in development.  

• Considerations of post-consumer processing and impact: Although the strategies for post-consumer 
collection, sorting, and processing are beyond the specific scope of ResIn, we acknowledge that these are 
important considerations and in part depend on the application areas (see above). Using our frameworks 
for material flow analysis and risk assessment, we will be well positioned to address the other 
considerations raised, including what happens to mass that is not recovered as monomers, safe disposal 
routes of materials, and the assessment of the safety of products of biodegradation.  

• Management of tasks, risk, and progress: Although COVID-19 presented some challenges toward 
progress on specific areas of the project, there is a robust risk mitigation strategy in place that is related 
to other comments that the reviewers raised. In our own anticipation of obstacles to the research itself, 
the multipronged approach we have adopted with different material classes (i.e., PHUs and PTUs) and 
balanced efforts on reprocessing and monomer recovery provide opportunities for advances that do not 
rely on only one project moving forward successfully. The comment about the appearance of distinct 
multiple threads in two tasks, Task 2 and Task 3, is appreciated. We will focus future communication 
efforts on the design cycle as the overarching focus of both tasks, which has multiple components, in 
order to make them successful. Monomer recovery efforts and the synthesis of PTUs will have greater 
emphasis, now that laboratories have ramped back up more fully and the team is fully staffed, and we 
will have better metrics of scale and productivity across a broader set of monomer combinations. For the 
kinetic Monte Carlo simulations that are part of this cycle in Task 2, the ease of formulating models 
based on this method, as opposed to continuum models in which we have also have expertise, will 
become more apparent in future communications when we present results on network materials. In 
addition, we will include the timeline that we have for advancing and measuring progress of the ResIn 
team as guided by our milestones in future presentations.  

• Clarification of systems economic and sustainability analysis: The systems analysis progress presented in 
the Peer Review presentation was a completed material flow analysis tracking the current production, 
use, and end of life of today’s polyurethanes. The completion of this material flow analysis marked the 
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completion of an FY 2021 milestone. A reviewer requested further information about the treatment of 
polyester and polyether polyols in this analysis and upcoming TEA within ResIn. The material flow 
analysis illustrates that as polyether polyols and polymeric methylene diphenyl diisocyanate are currently 
the most dominant polyurethane starting materials, producing these two compounds from biomass would 
be the most disruptive to the supply chain, reducing fossil fuel use to the greatest extent. In upcoming 
TEAs, we will adopt multiple polyurethane products (reaching back to both polyether and polyester 
polyols) as baselines given the diversity of polyurethane products and uses. 

  



2021 PROJECT PEER REVIEW 

 

1084 PERFORMANCE-ADVANTAGED BIOPRODUCTS, 
BIOPROCESSING SEPARATIONS, AND PLASTICS 

INVERSE BIOPOLYMER DESIGN THROUGH MACHINE LEARNING AND 
MOLECULAR SIMULATION 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
This work aims to identify PABPs through property 
prediction, which will guide experimental synthesis. 
The impact of this work will be faster market 
adoption of bioproducts with greater performance 
relative to incumbent products. We have identified 
>10^6 bioproduct candidates, but only some will 
have superior performance to create a market pull. 
High-throughput property prediction, enabled by machine learning, and the elucidation of structure-function 
relationships, enabled by molecular simulation, provide a hypothesis-driven approach for the downselection of 
candidate biomolecules to pursue experimentally. To enable machine learning and molecular simulation for 
bioproduct discovery, automated structure generation and embedding must capture relevant features for 
prediction, databases must cover domains applicable to bio-based products, and best practices for simulation of 
polymer systems must be developed. To address these challenges, we have established bioproduct relevant 
data sets, developed high-throughput polymer structure generation, and built end-to-end neural networks that 
have predicted eight properties for >1.4x10^6 biopolymers. A molecular simulation pipeline for building, 
running, and analyzing polymers and polymer additives is being used to predict performance and to develop 
design principles of bio-based products. In collaboration with the PABP synthesis project, these computational 
tools are guiding synthesis and informing the design of PABPs. 

 

WBS: 2.5.1.500 
Presenter(s): Nolan Wilson 
Project Start Date: 10/01/2020 
Planned Project End Date: 09/30/2023 
Total DOE Funding: $1,200,000 
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Photo courtesy of NREL 

COMMENTS 
• Management: The management team is strong, and this section was written very well. Slide 5, outlining 

how this project fits into other projects, including BOTTLE, was very helpful. Releasing three open-
sourced code stacks for nonexperts is commendable, and it should help the greater researcher community 
toward directed (smart) synthesis.  
 
Approach: The approach and the justification for the approach is excellent. This is the type of technology 
that represents the best of national labs, open sources of information that provide important direction to 
industry, minimizing the need for the Edisonian approach.  
 
Impact: It is interesting that the team chose to pursue an alternative to PET rather than targeting ways to 
make PET more sustainable. This team would also have the means to improve PET, producing greener 
versions of monomers for PET production. They might consider the (often) prohibitively high cost of 
introducing new polymers versus improving an existing one.  
 
Progress and outcomes: Slide 15—it is always satisfying when modeling can explain a complicated 
observable; in this case, how dihedral carbon in nylon 6,ßK6 is locked in contrast to nylon 6,6 and nylon, 
which increases its glass transition temperature. This is a nice result. It is clear that this project works 
closely with the other NREL projects on PABD. 

• Management: The management plan and implementation appear to be high level and well organized. 
There is an excellent team involved (NREL), and they are showing good progress and are appropriately 
organized. More involvement with industry would be a good addition, although it is encouraging to see 
an exploration of the Commercialization of Fully Renewable Non-Isocyanate Polyurethanes with 
industry, such as Sealy, Patagonia, and Agilix.  
 
Approach: The approach of using PolyML as a machine learning web tool to evaluate many chemical 
options is intriguing. Although this remains partially proven, the project recognizes this with statistical 
support decision points at FY 2022 Q2 go/no-go. If it works, the web tool has significant potential. It 
would be very disappointing if it does not work out.  
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Impact: The project impact appears to be headed toward quantifiable outcomes, with thorough review of 
processes and deliverables in place. I think that using machine learning like this has fascinating potential, 
and I really commend the team for tackling this, and I hope it all works out.  
 
Progress and outcomes: Results are indicative of good progress and outcomes. There is emphasis on 
believing that this is going to work, supported by rigorous statistical input. It is important to bear in mind 
that a null hypothesis might be that the predictions have potential to deliver a zero outcome. There are 
clear end-of-project milestones: “Improve the accuracy of machine learning by 50% and identify 10 
PABP thermoset materials.” Of course, this is extremely challenging, and it is not clear from the data so 
far how this 50% increase in accuracy will be calculated. It is also not clear (to me) if a 50% increase 
would be statistically sound. The idea of a molecular simulation pipeline for “building, running, and 
analyzing polymers and polymer additives” is intriguing. These tools to predict performance and develop 
design principles of bio-based products seems promising. 

• Excellent theoretical versus actual property and molecular structure resources on the team. Very good 
connectivity to the experimental teams with prototypes under development. Correlating model 
predictions to actual properties and using machine learning tools is showing increasing success in 
harnessing computing power to reduce the experimental options and speed prototyping. The key will be 
to connect to an even greater base of materials experts in industry to tap their insights into 
structure/property relationships and performance. May want to augment the ability to predict routes to 
novel and useful materials with the ability to physically prototype and test them. This set of tools can 
only get better with use. Include comonomers for block and random copolymers in the machine learning 
tool. Recognize that this is only the front end of a necessary pathway to bring new products with 
quantifiable merit to market. Prototyping candidates is essential to validate the potential benefits. 
Already showing great progress in identifying several potentially major material substitutions with 
greater sustainability and performance profiles than incumbents. Better cost predictions will increase 
confidence in outcomes. 

• The management plan is generally solid. Delegation of risk management to the subtasks is necessary to a 
degree, but they should still be identified, enumerated, and monitored as part of the overall management 
plan. It is not clear why machine learning (“black box”) is superior to simply using 
molecular/mechanistic simulation tools. Machine learning could be faster, certainly, but such models are 
often unreliable upon extrapolation of the training data set. Other than that, the approach looks okay, 
though the description is rather terse, especially for those not well versed in the principles of machine 
learning. Is high-throughput property prediction enough, when various combinations of multiple 
properties may be ideal for various applications? Must one focus on a single application at a time to 
prevent the search from growing combinatorically? Impact offers a bit of a conundrum. What if I 
developed a sure-fire method to detect gold ore deposits, then set forth prospecting on a continent where 
there was no gold? This will surely help us look for promising bio-based polymers and additives, but it is 
hard to say a priori how many we will find, and how valuable those finds will be. Progress is also a bit 
difficult to judge based on the lack of clarity about what arose from the 2018–2020 work and what has 
been done since. 

• The project approach is to build and improve machine learning and molecular simulation tools to make 
predictions on thermosets, thermoplastics, and polymer additives that can be validated experimentally 
(by the PABP project, reviewed separately) and show that the tools can be improved. Management, 
processes, communications, and risks/mitigations are well addressed. A project with industry leaders is 
planned to start in 2021. A successful machine learning and molecular simulations-based approach of 
predicting properties of bioproducts would greatly accelerate informed discovery, development, and 
commercial realization. Progress has been excellent: biopolymer accuracy prediction improvement, 
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PABP PET replacement, polymer database development, and molecular simulations expanded to include 
polymer additives. 

• This project is one of several interdependent projects in the BETO portfolio. Machine learning and 
molecular simulations as enabling technology will direct the synthesis work to a profitable, sustainable, 
yet functional polymer space. Commendable progress in applying molecular simulations—particularly in 
understanding and modeling the structure/function impact of the keto-adipate in nylon performance; and 
in impactful to prediction of small molecule diffusion, a very important consideration for formulation 
space additive. Results in this year will be crucial to validate the test case and demonstrate hitting 
predictive O2 permeability values for the seven PABP-PET replacements. Investigators have upheld the 
commitment to release simulation tools to nonexperts; the databases are accessible on the web. 

• This project represents the future of molecule/materials R&D. With a modest investment of funding, the 
project team has done an outstanding job combining machine learning and molecular simulation to 
predict properties of bio-based polymers and additives. This is an excellent use of BETO resources. 

PI RESPONSE TO REVIEWER COMMENTS 
• The project team appreciates the constructive feedback from the reviewers. The team acknowledges the 

possibility of the null hypothesis. This would be an unfortunate outcome of the research, and the tools 
developed within this project will help experimental efforts in identifying both promising candidates as 
well as candidates that are unlikely to be performance advantaged. We appreciate the costs and 
challenges in bringing new materials to the market, and we acknowledge that both more sustainable 
routes to existing materials (e.g., PET) as well as sustainable replacements will likely be needed to 
realize a fully circular economy. The team does not assert that machine learning (“black box”) or 
molecular simulation is superior because both approaches have their strengths and weaknesses, and 
leveraging both approaches can provide the greatest outcomes. We are employing machine learning to 
pare down the immense design space to pass the most promising candidates to our experimental partners. 
The atomistic simulations are a finer-resolution tool to further pick out promising candidates as well as 
drive the development of structure-function relationships. 
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IDENTIFYING PERFORMANCE ADVANTAGED BIO-BASED CHEMICALS 
UTILIZING BIOPRIVILEGED MOLECULES 
Iowa State University 

PROJECT DESCRIPTION 
This project is focused on developing a systematic 
process for identifying biomass-derived molecules 
with improved performance in end-use applications 
using organic corrosion inhibitors and flame-retardant 
nylon as the initial test cases. Chemical species 
performance screening results from the literature are 
being aggregated through a data mining approach. 
Then the molecular structures identified from the literature will be used in conjunction with a reaction network 
generation computational platform to identify key intermediate molecules (i.e., bioprivileged molecules) that 
could be used to synthesize the literature-identified molecular structures. Importantly, we are identifying 
bioprivileged molecules that can not only be leveraged for the synthesis of the “identified molecule” but also to 
provide the basis for generating a library of compounds with similar chemical structure to that of the 
“identified molecule.” Finally, we are screening the libraries to identify novel chemical species specifically for 
their use as organic corrosion inhibitors and flame-retardant nylon polymers. 

 

WBS: 2.5.1.600 
Presenter(s): Brent Shanks 
Project Start Date: 10/01/2018 
Planned Project End Date: 12/31/2021 
Total DOE Funding: $2,500,000 
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Photo courtesy of Iowa State University 

COMMENTS 
• This is an interesting approach to connect molecules previously identified with sought-after properties to 

molecules that could be derived via biological means. Identified tasks are assigned to participants, but 
there was no discussion of information sharing between participants, which could hamper utilization of 
the recurrent neural network and reaction network generation-derived information. Identification of 
candidates from plant secondary metabolism can be risky, given that some metabolites are synthesized in 
minute quantities. It might be helpful to prioritize the database of metabolites based on carbon flux into 
the particular pathway. 

• The development of a computational approach to identify bioprivileged molecules is a sound idea, taking 
molecules through screens for desirable properties to identify PABPs with potential. The approach is 
innovative and could result in novel PABPs for testing. The bio-based approach could benefit the 
economics of biorefineries, depending on how the economics and scalability play out for different 
PABPs. The project management team and responsibilities are described. Technology risks and 
mitigations are broadly addressed. This early TRL project has made good progress, having established 
their computational networks, identifying more than a dozen high-performing organic corrosion 
inhibitors from corrosion inhibitor libraries, and progress on flame-retardant nylon 6,6. 

• The management plan is a bit light, and there was no real attempt to identify risks or make mitigation 
plans. The approach is a nice combination of retrosynthesis with a sort of a version of “platform 
molecules.” The potential for speeding up searches for PABPs is obvious. It was very nice that a couple 
of examples were described, both being targets or real practical interest. Progress is good considering 
time, budget, and recent complications due to COVID-19. 

• This FOA project utilizes multi-institutional computational expertise. The team has delivered viable 
candidates from its libraries for two test cases: organic corrosion inhibitors and a monomer unit that 
confers inherent flame-retardant properties to the polymer. Initial data from the work appear promising, 
but there are several questions/concerns: Has the team acquired insights/input from potential clients? 
Even though the project is very early stage, the probability of the technology’s success is high if 
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grounded in the beginning with a firm understanding of end-user needs and an “insider” view of current 
material deficiencies. It would be valuable to engage sooner with clients to understand the steps/barriers 
in the journey to qualify a replacement molecule in a formulation. The flame-retardant nylon case is very 
interesting and a nice capture of a bioprivileged molecule: With the introduction of the unsaturation 
functionality, is it reasonable to incorporate into future work tests that characterize the oxidative and UV 
stability? Are the predictive models sophisticated enough to stack “chemoindicators” and mine for more 
than one desirable property—e.g., flame retardancy and plasticization? 

• The project is well organized and staffed with subject matter experts who understand the bioprivileged 
molecule approach. It is connected to industrial advisors from key target areas and experts in 
computational modeling. Having preselected targeted needs from industrial advisors limits the effort to a 
manageable scope. Screening based on known structure/property relationships and the ability to make 
from bioprivileged molecules helps contain the possibilities to a manageable level. Having the ability to 
prototype and test candidates for functional performance helps bridge from theory to practical 
candidates. The target areas identified appear to have good candidates for moving eventually to 
commercial applications. Next steps will need to include not only both performance verifications that are 
in progress but also economic assessment for commercial feasibility in order to quantify the impact. I am 
looking forward to broader deployment of this approach. Excellent progress in demonstrating, even with 
this limited scope, the usefulness of this approach and the potential benefits of its solutions. 

PI RESPONSE TO REVIEWER COMMENTS 
• We appreciate the positive comments from the reviewers about our project. It is always difficult to 

determine how much time to invest on each part of the review presentation, and we elected to keep the 
management plan discussion short because the project has been meeting nearly all milestone and subtask 
dates despite the complications due to COVID-19 during the past year. The FOA for identifying 
performance-advantaged bio-based chemicals set the requirement of identifying at least five chemicals 
with >10% performance improvement over existing molecules. Our project was set up to meet this 
requirement plus to develop a systematic computational/synthesis process that could be more broadly 
used for identifying performance-advantaged chemicals. The entire project was set up to mitigate risks 
by seeding the synthesis work with end-use applications, organic corrosion inhibitors, and flame-
retardant nylon 6,6 in which we already had leads. If these original leads were not fruitful, then the 
computational effort was to suggest other possibilities. Fortunately, our initial synthesis leads were 
successful, and we have already identified >10 chemicals with >10% performance improvement. We 
anticipate that these successful results will only be further augmented by the computational discovery 
portion of the project. We completely agree that engaging with commercial end-use entities is an 
important step in moving the technology forward. We felt that having preliminary results, which we now 
have, is a necessary aspect of having fruitful conversations with the potential commercial partners. 
Engagement with those potential partners has been initiated. Although not within the scope of the current 
project, we fully believe that the identification process we are developing would ultimately be able to 
stack “chemoindicators” for polymeric materials. 
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SEPARATIONS CONSORTIUM 
Separations Consortium Steering Committee 

PROJECT DESCRIPTION 
Research in the DOE BETO-supported 
Bioprocessing Separations Consortium is leading 
to new separation strategies designed specifically 
to address the challenges and scales of biorefinery 
technologies. This collaborative project integrates 
six national laboratories, bringing a broad range 
of separation techniques to address biorefinery 
needs. The Steering Committee is responsible for coordinating the research within the consortium, maintaining 
a dialogue with industry, and guiding research toward impact.  

The consortium is organized into three teams. The first is the analysis team, which carries out TEA and LCA 
analyses that guide research in the consortium toward developing technologies that reduce the minimum 
selling price of biofuels and bioproducts. Computational efforts yield insights from theory that help improve 
the design of new materials within the consortium to achieve bioprocessing-specific separations challenges. 
The second team develops separations solutions that directly address challenges that arise within the broader 
BETO portfolio. These include fractionating and purifying lignin-rich streams, using redox-based 
electrochemical separations (RECS) to recover acids, and developing efficient techniques to separate 2,3-
butanediol (BDO). The third team develops new capabilities within the consortium. These include developing 
new materials to capture valuable product in fermentation off-gas streams and evaluating countercurrent 
chromatography as a separations technique in bioprocessing. 

The Separations Consortium Steering Committee has developed collaboration approaches to advance the 
consortium’s research goal—to develop cost-effective, high-performing separations technologies that mitigate 
risks associated with a decentralized research team. Further, the Steering Committee interfaces with the 
consortium’s 12-member IAB, which provides feedback that keeps the consortium grounded in industry-
relevant bioprocessing separations challenges. One pivotal role of the Steering Committee is to shape the 
consortium’s research portfolio, which it does through a process of identifying BETO- and industry-relevant 
separations challenges. This process involves regular interaction with other BETO consortia and with industry 
through participation or leading of special conference sessions and through our biannual meetings with the 
IAB. A set of five projects through a DFO also provided insight into industry-relevant separations challenges. 
Other factors under consideration in portfolio development include consortium capabilities and the potential 
for improvements in minimum selling price and sustainability. The Steering Committee also guides the go/no-
go decision process and disseminates consortium progress through the website, the release of technical reports, 
and the chairing of special conference sessions.  

WBS: 2.5.5.501 
Presenter(s): Jennifer Dunn  
Project Start Date: 10/01/2019 
Planned Project End Date: 09/30/2022 
Total DOE Funding: $7,724,000 *Entire Consortium  
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COMMENTS 
• Separations is often the Achilles heel in many processes. The consortium has been constructed to test 

separations issues and to exercise new technologies under development. It seems well coordinated, 
thoughtful, and comprehensive to minimize gaps and enhance relevant problem solving. Very thoughtful 
analysis plan drawn out. It is essential to have a uniform assessment plan for each technology and to 
impose consistent TEA/LCA analyses. Impressive diversity of member companies on the IAB 
representing cross-section interest in chemical and energy industries. The external-facing website is an 
excellent vehicle to engage with outside stakeholders. The website (bioesep.org) seems lean to capture a 
viewer/visitor (are there restrictions in posting more content?), particularly in terms of links to critical 
references (publications, reviews, patents, and talks) or videos demonstrating technology in the five areas 
(algal bioprocessing, biocatalyst preservation, etc.)? 

• The Bioprocess Separations Consortium presented a thoughtful case for why it is a focal point, bringing 
together diverse separations solutions across the BETO portfolio that individually might not have the 
horsepower to tackle separations challenges. The consortium is very well organized and managed, has 
extensive communications to coordinate a diverse and distributed number of participants, and an 
extensive set of industrial entities providing commercially relevant feedback. Structuring of the 
consortium into three teams allows focus on techno-economic solutions, generic, and more specific 
separations. Front-end (biomass) and back-end (product) separations are addressed by the consortium. 
This is a big de-risking opportunity for smaller entities in particular, which often do not have resources 
for this expertise, such as DFO projects. Progress has been generally on track, as evidenced by 
publications, patent applications, DFO results, and industry interactions. 

• The Separations Consortium addresses key challenges in the scale-up and commercialization of new bio-
based technologies and products. As is amply described in their mission, separation processes are often 
the dominant capital cost and energy consumer in biotech (as they are in refining and chemicals), and 
BETO paid too little attention to this area as their interests expanded beyond ethanol, where the 
separations landscape was already well trodden. Management of the consortium has been active and 
effective, with outreach and analysis to help target their activities. Impact and progress are in good 
shape, but it is still early days to assess those with any real accuracy for a relatively young program. One 
possible area for improvement—and this was perhaps unavoidable for “bootstrapping” a program like 
this—but there is some flavor of “people with hammers seeing everything as a nail.” Some ongoing 
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national lab work has, in this reviewer’s opinion, been marginally relevant to what are or should be the 
top needs for BETO. Not seeing inside the advisory process, perhaps it is a wrong impression, just 
something to look out for. Perhaps a better survey/outreach to the private sector (and academia) among 
those providing technical services in separations might encourage a broader set of resources. 

• This consortium is well designed, well managed, and well executed. My impression is that the 
consortium as a whole exceeds the sum of the individual projects due to strong management structure 
and communication strategy. The consortium has all the marks of a collaborative, unselfish effort to 
solve problems related to the bioproducts industry. Given the multisite approach, following through with 
strong information sharing is necessary to mitigate risk and progress. Regularly scheduled, frequent 
interactions with an extensive industrial advisory committee serves dual functions of assessing industrial 
needs and the dissemination of advances. Impressive progress in separations, illustrated below by 
individual projects. 

• This project is well organized, with good communications among teams in the consortium. May want to 
add other equipment manufacturers to the IAB to enable faster adoption in application areas even beyond 
the biorefinery goals of the consortium. Having the TEA and LCA team involved early on in 
benchmarking and assessing feasibility for project proposals is an excellent way to guide resource 
allocation. The targeted solutions team for current separations is an excellent way to focus on key 
problems needing to be overcome in moving the biorefinery concepts toward reality. Including some 
new separations approaches in the mix offers the potential for game-changing technologies. Some may 
be a little esoteric, but thinking outside the box is good, especially including electrical options. Consider 
adding some other enhanced separations options into the mix, such as reactive distillation, centrifugal 
enhanced heat transfer and extraction, and flash recovery from volatile pressurized extraction media. As 
stated, effective and efficient separations are a key enabler of biorefineries. This effort is essential to the 
adoption of biosolutions for the future. This is a very impressive portfolio of efforts with many good 
outcomes already. Consider adding some principles of green chemistry into the project selection criteria. 

PI RESPONSE TO REVIEWER COMMENTS 
• Reviewer comments on the introductory presentation for the consortium were very helpful. In particular, 

reviewers noted that the consortium is well organized, shares information well internally and externally, 
and addresses challenges relevant to BETO and industry. They also complemented the analysis-based 
approach to project selection and management. Finally, they noted that the consortium is important in 
de-risking separations technologies for small businesses. Reviewers had four main suggestions. First, 
reviewers stressed that the work in the consortium should be relevant to top BETO and industrial 
priorities, which should be identified through communications with stakeholders. Beyond activities that 
we have already completed, discussed in the presentation, we fully agree and aim to gather additional 
feedback regarding stakeholder priorities through our upcoming special session at the American 
Chemical Society’s Green Chemistry and Engineering Conference and a separate Industrial Listening 
Day in the summer of 2021. In addition, the Challenge Stream task within the consortium aims to 
holistically and systematically survey technical challenges in bioprocessing separations. Along with 
feedback from stakeholder communications, this Challenge Stream effort will help set the consortium’s 
research agenda and, by incorporating LCA, will address many principles of green chemistry (e.g., 
energy intensity, renewable starting materials), which was suggested as a criterion for project selection 
by a reviewer. Second, it was suggested that the consortium expand its membership of the IAB to 
include more equipment manufacturers. We agree that it is essential to have board members who can 
provide input on a number of topics, including equipment and processes, that may be relevant to 
addressing challenges in bioprocessing separations. Although most experts on our 12-member board 
represent companies that produce biofuels or bioproducts and advise us on the main technical challenges 
they face, we do have equipment and materials developers on the board. As we continue to work with the 
board, we will take opportunities to add equipment manufacturers. As needed, we can consult with 
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manufacturers on an ad hoc basis. In addition, the reviewers suggested adding capabilities to the 
consortium, such as reactive distillation, centrifugal-enhanced heat transfer and extraction, and flash 
recovery from volatile pressurized extraction media. We agree that there are many separations 
technologies that are not currently in the consortium’s research portfolio that could be beneficial. As we 
work with our stakeholders and leverage the Challenge Stream task, we will identify opportunities to 
bring in additional technologies for projects that emerge. Finally, it was suggested that links to additional 
information and resources on bioprocessing separations be added to our website. We are currently in the 
process of updating our website, including updated capabilities and links to publications, and we will 
work to expand the resources to which it serves as a gateway. 
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LIGNIN-RICH STREAM FRACTIONATION AND PURIFICATION  
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
In support of BETO in converting lignin to fuels 
and chemicals, this project develops scalable 
separations based on membranes and 
electrodeionization (EDI) to recover low-molecular-
weight (LMW) compounds from lignin-rich 
streams. The project addresses three technology 
barriers in developing the bioeconomy: (1) cost of 
production, (2) selective separation of organic acid species, and (3) advanced bioprocess development.  

Specifically, membrane cascades using tangential flow filtration (TFF) are investigated for the recovery of 
LMW lignin compounds from lignin-rich streams, such as alkaline pretreatment liquor, reductive catalytic 
fractionation oil, and catalytic oxidation oil. Process concepts, including dynamic filtration, are investigated to 
meet specific performance targets indicated by the consortium’s IAB for the membrane filtration, including 
maintaining permeance >1 LMH/bar and an overall cost target of <$1/kg of LMW lignin. EDI is investigated 
as an integral part of the membrane cascade to recover LMW aromatic acids and as an alternative to 
nanofiltration. Economic analysis of the processes is presented with a focus on minimizing energy 
consumption and capital expenditures (CapEx). Further, a sensitivity analysis is presented to identify key cost 
drivers and to optimize holistic process operating conditions.  

 

WBS: 2.5.5.502 
Presenter(s): Eric Karp 
Project Start Date: 10/01/2019 
Planned Project End Date: 09/30/2022 
Total DOE Funding: $7,724,000 *Entire Consortium 
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Photo courtesy of NREL 

COMMENTS 
• Management: The management plan and implementation appear to be adequate for a small consortium of 

NREL, ANL, and LBNL. Implementation is progressing and well organized. There is an impressive 
advisory board of separations companies. Risks of low fluxes and fouling are adequately stated and 
being addressed.  
 
Approach: There is merit and potential in this approach toward recovering LMW aromatics from lignin-
derived process streams. In this project, membrane cascades and EDI and dynamic filtration are explored 
as they are unproven for lignin streams. Risk mitigation with rotary ceramic disk (RCD) filtration and 
metrics are described with go/no-go decisions, and TEA targets and processes look scalable. I have 
concerns that, despite the good work here, the valorization of LMW aromatics from lignin streams may 
not be able to make it in the real world.  
 
Impact: The project impact appears to be headed toward measurable outcomes with review processes in 
place and a consortium of separations companies involved. There is clear commercialization potential 
with good industry engagement. Key will be achieving necessary flux without much fouling and TEA of 
the whole process.  
 
Progress and outcomes: Results are showing some potential of useful separations after moving to 
dynamic filtration with promising flux (replace TFF where flux too low) and combined with EDI. Fluxes 
for dynamic filtration look very promising and close to economic viability. Fouling and TEA await 
further evaluation. Ultimately, the valorization of a holistic process with consistent operating conditions 
is key and may be challenging as a whole process with waste streams after recovery of LMW aromatics. 

• Particle fractionation by membrane filtration is notoriously difficult, and for reasons that are well 
understood. Protein fractionation is practiced, but typically in very dilute systems and for proteins that 
are very valuable. It is unlikely that this approach will be justified by any value upgrade resulting from 
lignin fractionation. Similarly, rotary-disc filters are very expensive on a per-unit-area basis, and though 
they may partially address the problems of static membrane filters, they will do so at a cost that is, again, 
very hard to justify when lignin is the product. A more fundamental problem with lignin valorization is 
that the more valuable the lignin product, the less of it that can be sold before the market is saturated, and 
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therefore the less fuel production it can support. This is similar to the story with biodiesel and glycerol. 
The latter appeared to be a valuable coproduct when biodiesel was first taking off, but once a few fuel-
scale plants were pumping out tons of glycerol, prices crashed, and it was no longer a strong contributor 
to biodiesel plant economics. The two-stage TFF results were entirely predictable. Rejected solids form a 
“dynamic filter cake” adjacent to the membrane because they get dragged there by fluid flux and they are 
limited by how fast they can diffuse away against the net transmembrane flux. They then begin to 
impede the flux of the smaller particles that are supposed to permeate through the membrane. Only a 
very high level of surface shear can prevent this. There are a number of ways to achieve this, rotary 
filters being one, but they are all quite costly. The TFF/RCD results were, again, predictable, at least 
qualitatively. The problem is that the “economic performance” they are claiming is rule of thumb based 
on static filters. RCDs are so expensive that and even higher flux would be required for them to be 
economic. Actually, probably not even the clean-water flux would be economic for lignin with and RCD. 
Electrochemical deposition is a much more fundamentally sound approach for this application, but it, 
too, is expensive. Solving this problem economically is unlikely to be done with anything “off the shelf.” 

• Recovery of low-molecular-weight aromatic compounds from lignin-derived streams is a long-standing 
goal of the biorefinery industry and within the BETO mission. Project tasks are assigned to participating 
national labs, and a data sharing plan is in place to coordinate milestones; no details were provided on 
the decision-making structure in the event of challenges encountered. Multiple experimental approaches 
are under simultaneous examination; two-stage tangential flow is identified as a baseline. Valorization of 
lignin-derived aromatic molecules remains an open question, and, in the opinion of this reviewer, a 
challenge that may never prove to be economically viable. Application of SOA separations technology 
together with thorough cost and energy optimization and analysis provides the best strategy to get to the 
answer to this lingering question. A plan is in place for the dissemination of results. 

• Targeted goals and close teamwork are evident in the project. Industrial connections are highly relevant 
to the ultimate applicability and scale-up of the separation methods being evaluated. Separations chosen 
are limited to EDI and membranes (especially ceramic discs). Might benefit from broadening the 
candidate separations to include extraction systems. Limited to the types of pretreatments being tested, 
and their adoption and scale-up. May want to look for other separation needs in the broader efforts for 
PABPs. Ceramic discs cost, fragility and sealing issues should be addressed versus other sheer 
enhancement approaches. Subject to further TEA to determine economic potential, the technical 
outcomes needed for this project are being demonstrated. 

• The use of membrane filtration to recover LMW lignin-derived compounds is promising; apparently this 
type of separation is not currently used for lignin streams. The project uses a TFF base case to compare 
with other concepts for separations (reductive catalytic fractionation and EDI). The impact on lignin 
recovery could be substantial for the economics for biorefineries and provide lignin-derived streams for 
use across projects looking to valorize them. Several such projects are ongoing in the BETO portfolio, so 
a successful technology would be crosscutting in its value. Project management, assignments, and 
industrial input (IAB) on the project are appropriate. Progress on this project is moving well by several 
performance measures. The scalability and operability of processes based on these technologies remains 
to be proven, such as energy consumption and yields, up-time/low-fouling/corrosion inhibition 
properties  robustness of membranes and equipment, and ultimately, economics. 

• This project meets the management metrics. It is particularly notable that the project team at the outset 
sought guidance from the IAB—specific constraints were used based on that counsel (e.g., not using 
ceramic filtration at the first stage), which increases the probability of working in commercially relevant 
space. The investigators are executing a sound comparative study and consistently perform TEA for each 
process scenario. The most promising case scenario approaches the edges of the desired flux target; 
however, there still appears to be a significant gap to bridge the flux and fouling challenges. 
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PI RESPONSE TO REVIEWER COMMENTS 
• Regarding the cost and long-term operability and economics of ceramic disks, we note that the RCD unit 

does not have any rotating seals and, when normalized to needed membrane area, is only ~10% more in 
cost than a TFF system; however, for a given product flow rate, the TFF system requires 10-fold the 
membrane area of an RCD system. Taking the increased area into account, the capital cost of the TFF 
system is ~1.3 times more than the RCD system. This is a result of the 10-fold increase in flux achieved 
with the RCD unit compared to a TFF unit. Last, RCD is only one form of dynamic filtration; there exist 
vibrating membranes that use polymeric membrane stacks and achieve high sheer forces through 
vibration. 100 m2 vibrating units are available at ~70% less capital cost than RCD units. It is a future 
area of research to see if these polymeric vibrating units can achieve equal or better lifetime as ceramics 
in filtering of caustic lignin streams such as alkaline pretreatment liquor. To our knowledge, there is no 
predictive methodology that would quantitatively describe the performance and TEA of TFF in 
application to lignin-rich streams (e.g., alkaline pretreatment liquor) because little to no data exist for 
their filtration. Although many models exist for fouling, they depend on the mechanism that occurs; for 
example, intermediate pore blocking versus cake formation. Both models are time dependent and assume 
a filtration resistance due to membrane foulants, with the cake formation model having more severe 
resistance; thus, our team had to collect data with the TFF system as a baseline to measure the fouling 
rates and connect that to a fouling mechanism. When alkaline pretreatment liquor is filtered with a 
nanofiltration membrane, the permeance closely aligns with the cake formation model; however, when 
microfiltration is used as a stage before nanofiltration, the transient pore blocking model more closely 
fits. The transition from cake formation to the transient pore blocking model is important because cake 
formation leads to faster permeance decline and therefore a lower average permeance, leading to more 
required membrane area and a higher membrane cost. 
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VOLATILE PRODUCTS RECOVERY  
Argonne National Laboratory 

PROJECT DESCRIPTION 
Advances in strain engineering have enabled the 
biochemical production of a wide array of 
products. During aerobic fermentation, many of 
these molecules partition readily to the fermenter 
off-gas. Several of the products (e.g., 3-methyl 
anisole, isoprene) are known to volatize fully 
during fermentation, whereas others (e.g., mid-
chain-length alcohols and terpenes) volatilize less—but significantly—under typical conditions. This project 
utilizes advanced, high-surface-area materials for the recovery of volatile products by adsorption, with 
specificity achieved through tunable surface chemistries. This strategy thereby eliminates two energy intensive 
steps (off-gas condensation and a subsequent steam distillation) traditionally required to separate volatile 
organic products. Scaled adsorbent synthesis has been achieved for the production of xerogel adsorbents, with 
macroporous structures capable of handling high flow of fermentation off-gases while selectively recovering 
product from bioreactors (volumes of 10 L or more). Initial tests of performance with limonene have shown 
integrated recoveries of ~60% of product from the vapor phase (with instantaneous recoveries of ~80%). 
Desorption of the product from xerogels is through compression with low energy forces (~ 20 psi). Techno-
economic evaluation of the baseline condenser/distillation case is complete, and data analyses/cost projections 
are underway for the new adsorbent technology. Multi-scale modeling is providing mechanistic insights to 
optimize the volatile product recovery process. Scale validations of the materials approach are underway, and 
results will be communicated rapidly to key industrial stakeholders. 

 

WBS: 2.5.5.503 
Presenter(s): Phil Laible 
Project Start Date: 10/01/2019 
Planned Project End Date: 09/30/2022 
Total DOE Funding: $7,724,000 *Entire Consortium 
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Photo courtesy of ANL 

COMMENTS 
• Management: The management plan and implementation appear to be high level and well organized with 

ANL, LBNL, LANL, and PNNL. There are regular meetings among the team and occasional advice 
from the IAB. I think the project would benefit from industry partners with a real interest in seeing the 
potential of this new and intriguing technology.  
 
Approach: There is substantial merit and significant potential in this goal of striving to recover volatiles 
that are otherwise lost. The approach aims to reduce operating costs and the complexity of volatile 
product recovery via highly specific and tunable gas-phase adsorbents (high-surface-area materials with 
high gas flows), with specificity achieved through tunable surface chemistries. The absorbents must 
outperform condensation approaches.  
 
Impact: The project impact appears to have the potential to deliver good outcomes with thorough review 
processes in place. The project is currently early-stage, with downselection from 15 candidate molecules 
and some progress selecting advanced materials by identifying various macroporous designs. The next 
stage is to seek next-generation materials using computation-guided design. The recovery metrics must 
be combined with economics.  
 
Progress and outcomes: The project appears to have coped well despite the COVID-19 impact. Initial 
results using limonene and isoprenol are showing promise relative to the metrics set (capture of >50% of 
volatile products with <20% corecovery of water/impurities and scaled cost $0.39/g xerogel). Economics 
at scale were viewed as okay after assessing by estimating materials costs plus synthesis costs being 
amortized over many adsorption/desorption cycles. Much of the current work is computational and based 
on model predictions, and the work needs to move forward into practical testing and detailed evaluation 
in a workable lab-scale system. Although this is promising, these metrics are still some way short of the 
condensation process, which are already achieving <80%–90% recovery. It is stated that the scaled costs 
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are within range, but it is not clear how this conclusion is reached and how this compares with scaled 
costs of condensation. Overall, it is not clear how risk mitigation strategies might be assessed. 

• Clear targets and limited experimental scope facilitate reaching goals more rapidly. Concern that the 
scope of recovery options may be too limited. May want to include ad/absorbant manufacturers on the 
advisory team. Considering the limited options being investigated, the approach appears to be sound. 
Would like to understand other options versus aerogel were considered. Would suggest that the team 
look at the product recovery conditions to ascertain if the system encounters an unsafe (explosive) 
regime, especially aerobic fermentations. Suggest that the team also look at emissions post adsorption 
during the entire loading/unloading cycle. For those fermentations that have volatile components or 
products, this could be a credible solution versus energy-intensive chillers. Good progress in 
demonstrating adsorption and recovery at the current scale. 

• Conception of the project is in response to the needs of industrial stakeholders and partners. The 
management is well outlined and focused on risk mitigation. Leads and their responsibilities are 
identified; a communication strategy is in place. Intriguing approach with significant potential, although 
reasoning for exclusive focus on xerogel adsorbants was not articulated. Current progress includes 
admirable results in adsorbant capacity, technical design, and application on bench-scale bioreactors. 
The adsorbant material cost is high, which will require many cycles of adsorption/desorption. 
Examination of the recyclability of the adsorbant should be considered in a near time frame. I look 
forward to increased dissemination of results to industrial partners and the community at large. 

• Recovering volatile fermentation products in xerogels is an elegant approach. It could improve process 
economics and operability by eliminating other intensive steps to recovery as well as address safety 
issues that might have derailed some processes otherwise, such as those with inflammable products. This 
technology may have significant impact across a wide variety of volatile products. Management, 
responsibilities, communications, and risks are all well detailed. Progress is on track for selective 
product recovery in high yield, and modeling of materials for specific molecules is in progress. Use of 
xerogels in a cartridge-type design seems highly practical and scalable, assuming it can hit process 
longevity targets, selectivity, and recovery yields for specific products. 

• The issue identified is a real one, and many commercial operations either lose product as a result or use 
unreasonably expensive methods to avoid doing so. Good target! Xerogels were an interesting choice. 
Similar streams are routinely treated with various sorts of inorganic and polymeric adsorbents in packed 
beds or as structured (monolithic) contactors. As is often the case, no clear BFD or PFD was provided of 
the process approach they intend to use, so it is difficult to assess. Costs on slide 10 seem unrealistic—
$0.39/g for an industrial adsorbent is wildly excessive. Industrial equipment vibrates—are xerogels 
robust in that sort of environment? Performance for intellectual property and limonene look good, 
although more conventional sorbents also ought to do well, possibly at lower cost. Overall, this is an 
interesting study for a variant of “extractive fermentation.” Economics for preventing modest losses will 
be different than those for continuous product removal and recovery, but either/both may be practical, 
depending on the details. A major issue is the (apparently) early fixation on xerogels versus other 
options. A more through survey/analysis upfront might have identified better options. 

• This project utilizes engineered xerogels that can be tailored to capture and desorb versatile volatile 
product streams from bioprocesses. The simplicity of the concept is highly attractive if the separations 
process is scalable and hits the necessary flow targets and capture efficiency. Product removal during the 
process represents de facto in situ product removal and could be beneficial in relieving or minimizing the 
burden of strain engineering if the production strain is susceptible to product inhibition. Under the 
consortium, the team has access to industry partners—particularly biomanufacturers—and can obtain 
credible and critical stakeholder inputs. A key challenge is to optimize xerogel chemistry to achieve 
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better selectivity and release in the multiple adsorption/desorption cycles and to manage the durability 
and lifetime of the xerogel because these articles are the major production cost contributor. 

PI RESPONSE TO REVIEWER COMMENTS 
• The Volatile Products Recovery team (Task C2) of the Bioenergy Separations Consortium thanks 

reviewers for their feedback and thoughtful comments. The Volatile Products Recovery approach has 
been added to ongoing consortium efforts in recent years, based on communications with a number of 
industry and BETO stakeholders. We agree that the adsorbent-based approach has the potential to be 
transformative for the low-cost recovery of a broad range of bioproducts, and we will continue to 
capitalize on its advantages—over baseline approaches—and scalability. The simplicity of the approach 
does make it an attractive option for both in situ product removal and for loss prevention with lower 
volatility products. The scaled costs of materials for the adsorptive approach were based on preliminary 
analysis of a contracted firm that specializes in TEA. The emphasis on presenting early estimates of 
materials costs was to identify sensitivities of the process to materials inputs, utilities, and/or capital 
expenditures. In this regard, the analyses were highly successful at identifying the largest sensitivity: the 
expense of monomers used in the xerogel polymerization reaction. This finding allows our team to be 
selective and discriminatory when choosing surface treatments for new bioproducts and provides a 
further means of downselection between formulations that provide similar performance. We anticipate 
that the overall costs of the materials can be dramatically reduced because these initial estimates were 
based on commercially available prices for silane coupling agents as opposed to bulk chemical prices 
from higher-volume distributors. Bulk pricing is estimated to reduce syntheses costs twofold to fivefold 
and will be a focus of interest when comparing to baseline processes. The Volatile Products Recovery 
team has extensive familiarity with xerogel-based adsorption technology from projects using a similar 
approach for the recovery of bioproducts directly from fermentation broths (liquid-liquid extraction). We 
decided to leverage this experience and the patented xerogel platform as the test case for the adsorbent-
based recovery of volatile bioproducts while working with industry stakeholders and the Bioenergy 
Separations Consortium analysis team to develop a systematic understanding of key use cases and 
alternative technologies for volatile product capture. The xerogel approach takes advantage of the unique 
properties of xerogel-based adsorbents (adjustable porosity, exceedingly high surface area, flexible 
solids with tailorable surface chemistries) to build out first-generation process schemes to test out the 
approach. It is highly likely that other adsorbents (e.g., those based on rigid organic frameworks or resin 
beads) will work as well, but these technologies would require additional solvents and/or distillation in 
desorption and recovery processes. Our soft materials offer the means of facile desorption and recovery 
from the adsorbent materials with simple compression, pressure, and/or temperature swings while 
allowing recovery of the product in high concentration without the use of additional solvents.  
 
Recyclability/material longevity: The success of the xerogel-based adsorbent approach will require 
materials to be used in many cycles of adsorption/desorption to amortize the cost of their syntheses over 
larger volumes of recovered bioproduct. Although our initial efforts are focused on capture and 
desorption efficiency, we are confident that our current xerogel-based materials can be cycled tens to 
hundreds of times based on previous demonstrations with liquid-liquid recovery. As part of the baseline 
comparison efforts, the longevity of the xerogels in the gas-liquid recovery scenario will be determined 
and used to better understand trade-offs between synthesis cost and xerogel longevity. These results will 
inform synthesis formulations, cartridge configurations, and desorption strategies that minimize 
synthesis cost while maximizing the life span of the adsorbent. 
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REDOX-BASED ELECTROCHEMICAL SEPARATIONS  
Argonne National Laboratory 

PROJECT DESCRIPTION 
Separations play a critical role in the cost-effective 
manufacturing of biofuel and bioproducts, and a 
key technical barrier to achieving BETO’s 2030 
minimum fuel selling price (MFSP) goal of 
$2.5/gallons gasoline equivalent (GGE) is the 
separation of organic species for upgrading to final 
fuel and bioproduct molecules. This project aims to 
develop cost-effective, electrically driven technologies for selective separation and the recovery of aqueous 
organic species from fermentation processes with low energy consumption. Specifically, this work is focused 
on the development of redox-active electrode materials and their implementation into a capacitive deionization 
(CDI) system for the selective separation and recovery of butyrate. As a result, RECS will be fully integrated 
and benchmarked against typical CDI. Technical performance, which is measured by energy consumption, 
recovery, and purity, is compared to consortium-based efforts in EDI and membrane pertraction. This work 
also targets improvements to process economics and sustainability, estimated through TEA and LCA, 
respectively. Overall, experimental results of this project along with TEA and LCA will inform the 
development of a new separations platform that utilizes redox-based electrochemistry for the selective 
separation of organic species to provide concentrated, clean intermediates from which biofuels and bio-based 
chemicals can be manufactured. 

 

WBS: 2.5.5.505 
Presenter(s): Lauren Valentino 
Project Start Date: 10/01/2019 
Planned Project End Date: 09/30/2022 
Total DOE Funding: $7,724,000 *Entire Consortium 
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Photo courtesy of ANL 

COMMENTS 
• Management: The management plan and implementation appear to be high level and well organized with 

ANL, NREL, and LANL. There is an impressive consortium of entities with some industry partners 
involved, and the team is showing good progress and is very well organized.  
 
Approach: There is substantial merit and significant potential in this approach of developing a CDI 
process in parallel and integration with RECS plus TEA and LCA. The work appears to be SOA, as 
relevant to the defined BETO Program and Technology Area goals, and the project performers have 
developed an approach with significant potential.  
 
Impact: The project impact appears to be headed toward good outcomes with thorough review processes 
and deliverables in place. The ongoing collaboration with Atlantis Technologies is also good for 
technology transfer, with clear commercialization potential using industry engagement to guide project 
deliverables.  
 
Progress and outcomes: Results are showing great promise relative to the metrics set (determine whether 
the selectivity, separation, and capture ratio for RECS exceeds metrics). The project appears to have 
coped well despite the COVID-19 impact. Current progress and outcomes with imminent go/no-go 
decision look very encouraging. Cost targets with increasing recovery and reducing energy are also 
positive for an industry partner like Atlantis. This looks on-target to enable the development of a new 
separations platform. Broadening the potential of all this may be a future challenge. The key lies in the 
valorization of the whole process with application(s) of clean intermediates to make a biofuel or bio-
based chemical products. 
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• Good participation by other labs. The team explained how oversight by the IAB may lead to faster 
adoption. Showed evidence of coordination with other separations projects. Scope includes development 
and testing of membrane options in an effort to increase the recovery efficiency and reduce energy costs. 
It would be helpful to benchmark to other separations options being explored by other projects. At the 
current state of development, it appears to be too soon to judge the overall impact of the EDI option. 
Good potential for broader separations. CDI work looks very promising. This project has yet to complete 
enough experimental work to conduct a final comparison of EDI to other options being developed in 
other projects, but it shows promise. 

• Ionized species—acids and diacids, in particular—can be challenging to remove from fermentation 
broths, and a redox-based approach is promising. Good target, good technology choice! The 
management plan is okay. There is no real effort to identify risks. The approach is sound, and the options 
examined make sense. Results appear quite promising. Getting into details of electrode fabrication may 
be a step too far. Once the approach has been shown to work at the proof-of-concept level, it is probably 
best to engages experts/vendors because the choice of electrode material may have unforeseen effects on 
cell fabrication, etc. Significant effort may be wasted going down that path. At this point, the motivation 
may be drifting into “for the science” instead of “to solve the problem.” They note that 0.03 kWh/mole is 
a problem, but that only seems like a few cents per gallon; perhaps my math is wrong. 

• Reduction in separations costs would have a positive impact on biofuels and bioproduct costs. This 
project focuses on exploring CDI in conjunction with functionalized electrodes, using separation of 
butyrate as the test case. Although the project tasks were not clearly delineated, there appears to be good 
coordination and discussion of experimental progress and economic and sustainability measures. The 
project team is utilizing TEA to prioritize and guide experimental work, which is a sensible approach. 
TEA indicates that electrode capacity and cycle time are the most significant cost drivers, and 
experimental work is appropriately focused on those elements. The technology has the potential to 
improve product recovery and decrease energy consumption. 

• The approach of developing CDI and redox-active electrode materials to enable a new RECS platform 
for organics is promising. TEA and LCA are integrated in the project to guide research priorities. A 
successful project may impact the separation of organics, potentially improving on incumbent 
technologies, such as simulated moving bed (SMB) and pertraction. Its significance will be determined 
by several factors, such as selectivity, capacity, need for regeneration, and energy consumption. Project 
management, communication, and IAB interactions are well described, and good progress has been 
demonstrated by using CDI to separate sodium butyrate at lab scale. 

• The project has a solid management plan with appropriate interdependencies and a collaboration with 
Atlantis Technologies (an outfit that does custom equipment design and installation). The redox 
chemical deionization EDI would be an enhanced separations technology offering that could have broad 
commercial utility because it can manage more complex streams with lower projected GHG emissions 
and energy consumption. Great deployment of TEA to guide work that has high impact. Success will 
depend significantly on materials construction for the module, and the achievement of highly selective 
material with appropriate electrosorptive capacity at economic price point is critical, so alignment and 
input from a special materials manufacture is essential. The preliminary TEA assessment suggests that 
the CDI’s economic feasibility will be comparable to other technologies, and the graph on chart 17 
suggests that it may be unlikely for CDI to hit the desired $2.50 MFSP. Can the team elaborate on 
technical concepts to reduce the energy consumption costs (currently at $0.47/GGE) and by how much? 

PI RESPONSE TO REVIEWER COMMENTS 
• The RECS team of the Bioprocessing Separations Consortium thanks the reviewers for their feedback 

and thoughtful comments.  
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• One reviewer noted that the key to this project lies in the valorization of the whole process and 
developing clear target(s). This is an important challenge for CDI and RECS particularly because we 
believe that CDI and specifically RECS can play an important role across a range of product space(s) in 
biofuels and/or bio-based chemicals. We look forward to the opportunity of demonstrating this, as 
described by this reviewer. 

• One reviewer commented on benchmarking to other separations options. We fully agree that 
benchmarking other separations options with CDI and RECS is important. We have conducted 
preliminary TEA, which serves as the basis for LCA, for CDI/RECS in comparison to three 
technologies: (1) SMB (state of technology), (2) EDI (developed in the Separations Consortium), and 
pertraction (developed in the Separations Consortium). As experimental work progresses and additional 
data become available, we will continue to update our TEA and LCA for CDI/RECS for comparison 
with SMB, EDI, and pertraction technologies. This is aligned with our go/no-go milestone (scheduled for 
June 2021) to evaluate whether RECS exhibits improvements over EDI and pertraction technologies. 

• The reviewers asked for elaboration on technical concepts to reduce the energy consumption costs. The 
preliminary TEA results indicated a $0.47/GGE gap that encompasses energy costs (electricity and 
heating) and lower butyric acid recovery (95% vs. ~100% for the target case). A reduction in electricity 
consumption alone will not help CDI achieve the cost target; however, the 0.03-kWh/mol acid product 
was estimated based on literature data for conventional CDI using carbon-based electrodes. Unlike 
conventional CDI processes, we are implementing redox-functionalized electrodes, which modulate 
surface interactions through the electric potential. The applied voltage also is an order of magnitude 
lower when redox-based materials are implemented, so we expect energy consumption less than 0.03 
kWh/mol for RECS. Although not included in the Peer Review presentation due to time constraints, our 
preliminary TEA illustrates how key combinations of variables—(1) CDI module cost, (2) butyric acid 
concentration (BA wt %), (3) the percentage of butyric acid recovery (%BA), and (14) CDI energy 
consumption—affect the MFSP ($/GGE). In addition to energy consumption, both the concentration of 
butyric acid and the percentage of butyric acid recovery are critical to MFSP. Higher mass fraction leads 
to lower downstream CapEx (smaller distillation column) and operating expenditures (reboiler duty). For 
example, at 25 wt % butyric acid (base case), the energy demands require supplementary energy input 
from natural gas. At 50 wt % butyric acid, natural gas demand is eliminated. In this way, an increase in 
the mass fraction of the product stream entering the distillation column will help reduce the MFSP; 
increasing the butyric acid concentration from 25 wt % (current base case) to 50% alone will improve 
the MFSP by ~7%. Notably, the TEA results indicate that certain combinations of CDI module cost, 
butyric acid wt %, % butyric acid recovery, and CDI electricity demand will meet or exceed the cost 
target. 

• One reviewer commented on our identification of risks. Risks and mitigation strategies are described in 
our AOP, including the risk that the functionalization chemistry is incompatible with the material 
platform. This particular risk is mitigated by implementing a different material platform, selecting from a 
range of available foam, xerogel, or networked nanoparticle chemistries. In addition, as noted in the 
Project Overview slide, another risk associated with this project is that CDI/RECS has not been reported 
for organic acid separation; therefore, our team identified alternative bioprocesses that could benefit 
from the use of electrochemical separations technology. High-level TEA of furfural and levulinic acid 
production processes indicated that electrochemical technology reduces minimum furfural selling price 
by ~10% and the minimum levulinic acid selling price by a factor of 3. In an effort to focus on the 
primary conversion pathway (anaerobic production of carboxylic acids and subsequent upgrading to 
fuels), these alternative applications and high-level TEA results were not included in the Peer Review 
presentation.  
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• The same reviewer stressed the need to “engage experts/vendors, especially since the choice of electrode 
material may have unforeseen effects on cell fabrication.” We completely agree with this and remain 
determined to do so. This effort will help ensure that we remain committed to solving the problem at 
hand (cost-effective separations) without drifting too far into the science. 
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2,3-BUTANEDIOL SEPARATIONS  
Oak Ridge National Laboratory 

PROJECT DESCRIPTION 
The objective of 2,3-Butanediol Separations is to 
develop low-cost, less-energy-intensive separation 
technologies for processing dilute fermentation 
BDO broth generated by the Biochem team (NREL) 
into suitable feed for BDO upgrading pathways 
developed by the upgrading team (NREL, ORNL, 
and PNNL) in aligning with BETO priorities. 
Specific goals are developing capabilities in (1) BDO enrichment (dewatering) and (2) removal of target 
molecular/ionic species (proteins, salts/ions, sugars, carboxylic acids) that may negatively impact the 
downstream BDO upgrading catalyst and reactions. 

 

COMMENTS 
• Management: The management plan and implementation appear to be high level and well organized with 

NREL, ORNL, PNNL, and LANL. There is an impressive consortium of entities involved as well as an 
industry board (Genomatica, Compact Membrane Systems). Overall, this project is showing good 
progress and is very well organized.  
 
Approach: There is substantial merit and significant potential in this approach for recovering BDO using 
polymer coated porous ceramic membranes. There may be broader implications for other diols, gas 
separations, and wastewater treatments and even potentially a membrane bioreactor. There was a major 
issue raised by the review team about the “pervaporation” step, with a recommendation to seek/find an 
alternative to replace this step (thus, for the purposes of this review, it is assumed that this problem can 
be fixed).  
 
Impact: The project impact appears to be headed toward good outcomes with thorough review processes 
and deliverables in place. Membranes look scalable and economically feasible, replacing energy-

WBS: 2.5.5.507 
Presenter(s): Aimee Lu Church 
Project Start Date: 10/01/2019 
Planned Project End Date: 09/30/2022 
Total DOE Funding: $7,724,000 *Entire Consortium 
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intensive distillation. Establishing broad applicability (beyond BDO) of the technology may be a 
challenging future risk.  
 
Progress and outcomes: Results are showing great promise relative to the metrics set (recovery BDO, 
scalable, energy consumption, economics). The project appears to have coped well despite the COVID-
19 impact, and progress and outcomes look promising. Some initial targets have been met, and others are 
currently ongoing. The potential challenges with fouling are very problematic although graphene oxide 
seems to help. Composition of the residue looks like it might be a concern down the road. 

• As noted during the discussion, pervaporation is not a viable technology for concentrating from 20% to 
>50% BDO. Even a very small amount of water vapor removal will rapidly cool the retentate, at which 
point it must be reheated, and so on, many times, requiring a great many heat exchangers. The process as 
developed is not viable. 

• Concentration of BDO-containing solutions aligns with the BETO mission to transform biomass 
resources into commercially viable biofuels and bioproducts. Given the project position between BDO 
fermentation and upgrading, extensive interactions with upstream and downstream project partners are 
well-defined and articulated. Polymer-coated ceramic membranes are integrated into pervaporation. The 
milestone of 30% (w/v) BDO enrichment was successfully achieved. Based on comments of reviewers 
with extensive separation experience, pervaporation not a recommended approach to dewatering BDO 
fermentation broth; however, the technique may be applicable to other separations within the scope of 
the BETO mission. 

• Narrow scope and limited coordination with other separations projects. The main input is from the IAB, 
and it is limited to one membrane supplier. The scope is to see if a modified polymer-coated ceramic 
membrane can be developed to concentrate an aqueous solution of 20% BDO to 30% via pervaporation. 
The seems like a low hurdle versus the stated goal of 50% BDO. I would like to see alternatives to 
pervaporation that might be more economical. Membrane modifications via sulfonation and graphene 
oxide to increase flux, reduce fouling, and maintain adequate separation efficiency versus vacuum 
distillation seem limited. Suggest examining other options and increasing focus on fouling. Goals are 
fairly aggressive (up to 50% reduction in energy consumption and reducing losses from 10% to 3%); 
however, this is a small market for the foreseeable future. Demonstrated only 30% concentration versus 
50% target. TEA indicates only a 13% reduction in energy cost without further improvement versus 50% 
target. Flux is still well below the target. 

• Replacing an expensive incumbent process (distillation) with a membrane separations approach is a good 
idea if it can be implemented effectively on this product stream and enabled at scale. Membrane 
separation technology can be broadly impactful for bioprocessing. The project TEA appears to be in 
favor of the process; however, the use of pervaporation on a dilute stream might require numerous heat 
exchangers, which could be a disabler for process feasibility. Management and communication processes 
are in place, industrial collaboration is present, and technical risk is discussed. Progress has been on 
track, with an important milestone for BDO enrichment achieved, and low-temperature BDO recovery 
demonstrated. 

• The program is structured to obtain regular input from the IAB and other experts in their community. 
The risks and linked mitigation strategies were not described in the project update. The work stream 
dedicated to developing and characterizing novel polymer-coated ceramic membranes has great merit 
because it overcomes fouling and flux issues associated with traditional ceramic pervaporation 
membranes, and creating unique coatings to tailor specific products may be a valuable advancement for 
this separations technology. The critical question in this work is whether deployment of pervaporation 
for this process stream is prudent and if the Q2 2021 milestone can be met. It will be helpful if the 
project team will explore and respond to the concern raised during the review about pervaporation 
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technology viability for a scenario that moves large volumes of water through the member: the energy 
inputs (heat exchangers needed to drive process due to evaporative cooling). 

PI RESPONSE TO REVIEWER COMMENTS 
• Thanks for all of the constructive feedback. We appreciate the positive comments. To address the major 

comment on whether pervaporation is efficient compared to the state of technology, we have updated our 
TEA results by carefully considering the reviewers’ suggestions during the Peer Review meeting. We 
have updated the process model based on reviewers’ comments, including heat exchangers with multiple 
stages added in the process, and we performed rigorous energy analysis. Our revised TEA results 
conclude that the use of pervaporation on dilute BDO concentration stream did not show superior 
energy/cost savings compared to current state-of-technology evaporation/distillation. We have updated 
the results to the consortium management and recognize the necessity to develop membrane technology 
but will explore broader applications. We (experimental, analysis team, and consortium management) 
are in the process of redirecting the project and will finalize it by the end of June. Regarding the next 
step of membrane materials, the flux of the membrane, it is one of the focuses that we would like to 
improve by applying higher-surface-area membrane configurations. 
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COUNTERCURRENT CHROMATOGRAPHY  
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
In support of BETO in recovering coproducts in 
biorefineries, this project evaluates the use of 
countercurrent chromatography (CCC) in 
recovering coproducts from reductive catalytic 
fractionation oil, alkaline pretreatment liquor, 
aqueous phase hydrothermal liquefaction oil, and 
catalytic fast pyrolysis (CFP) oil. The project 
addresses three technology barriers in developing the bioeconomy: (1) cost of production, (2) selective 
separation of organic acid species, and (3) advanced bioprocess development.  

CCC is a unique, scalable, chromatographic technology that operates with two immiscible liquid phases 
moving countercurrent to one another. Unlike simulated moving bed (SMB) technology, CCC is a true moving 
bed, and because it uses liquids as both the stationary and mobile phase, it can handle solids directly in the 
feed. This aspect of CCC allows it to skip the expensive filtration step needed prior to traditional SMB; further, 
the liquid phases are composed on relatively inexpensive organics (e.g., hexane and ethyl acetate). This project 
develops CCC methods for direct isolation of coproducts from reductive catalytic fractionation oil, alkaline 
pretreatment liquor, hydrothermal liquefaction aqueous, and CFP oil. TEA and process modeling are presented 
to compare CCC to SMB and assess its applicability in a holistic biorefinery. Initial results indicate 
approximately fourfold reductions in solvent demand and twofold reduction in energy consumption compared 
to SMB. 

 

WBS: 2.5.5.50x 
Presenter(s): Eric Karp 
Project Start Date: 10/01/2019 
Planned Project End Date: 09/30/2022 
Total DOE Funding: $7,724,000 *Entire Consortium 



2021 PROJECT PEER REVIEW 

 

1112 PERFORMANCE-ADVANTAGED BIOPRODUCTS, 
BIOPROCESSING SEPARATIONS, AND PLASTICS 

  
Photo courtesy of NREL 

COMMENTS 
• Management: The management plan and implementation appear to be adequate for a small consortium of 

NREL and PNNL. Implementation is progressing and well organized, but it does not show any kind of 
logical implementation plan with milestones. There is no effort to describe risk identification and 
mitigation and no advisory boards.  
 
Approach: There is merit and potential in this approach of multiple coproduct recovery from a lignin 
source; however, it will be challenging to achieve useful cost-effective separations of multiple 
components from a complex lignin stream. The work aims to develop CCC methods and mathematical 
tools for optimizing the purification of the target from reactive catalytic fractionation oil, alkaline 
pretreatment liquor, and hydrothermal liquefaction streams. This challenge is not addressed in the 
approach in terms of crucial decision making.  
 
Impact: The project impact appears to be headed toward measurable outcomes with review processes in 
place; however, the lack of an overarching project plan makes it difficult to assess where the project is in 
terms of impact. Much of the results presented appear to be theoretical, using mathematical tools and 
showing some progress with CCC methods; however, there is no substantial optimization with real-
world separations from complex mixtures; thus, the impact is hard to evaluate in terms of moving to 
higher scale and costs involved. It was noted that industry is using this kind of technology, which is 
encouraging.  
 
Progress and outcomes: Results are showing some possibilities of useful separations (1-g scale), but 
mostly it needs to move to higher amounts and select a key target. Not enough data are provided to 
assess how much real progress is being made and not enough in terms of critical milestones toward 
outcomes at larger scale; thus, it is very difficult to conclude how practical CCC might be. 

• CCC is being explored for the purification of aromatic coproducts from biorefining streams. The project 
rates high in significance due to the impact coproducts could have on biorefinery profitability and the 
high degree of challenge associated with the task. Relative to management, additional information 
related to decision-making process would be beneficial. CCC is emerging technology and providing 
resources to remain at the forefront of separations technology is critical. The effective balance of 
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experimental research, mathematical modeling, and TEA constitutes a strong approach. Given the short 
timeline preceding the review, progress is excellent; significant thought was given to results 
dissemination via planned publications and patents. 

• The technical team has developed and executed a good plan. It is not clear how the industrial partners 
needed to scale up equipment and drive the utilization of CCC are connected to the development team. 
There is a very clear plan to evaluate options for the application and small-scale testing of the CCC 
concept. Analysis of TEA and quantifying competitive advantage to SMB technology is key to future 
adoption. There may be many more application areas beyond the bio-oil and alkaline pretreatment 
liquors being tested. Adoption in those applications will be limited primarily by the pace of 
commercialization in those areas. For the tested areas, good progress and well characterized outcomes. 
This is a much broader opportunity. 

• The possibility of using CCC to handle complex feed streams has significant merit. The approach seems 
flexible and scalable (initially using deployable skids for batch processing; continuous mode technology 
under development). Throughput, yield, purity, and energy are identified as important metrics. The 
impact of a successful project would be an approach that is superior to the incumbent technology (e.g., 
requiring filtration and SMB) and could lead to broad biorefinery coproduct applications requiring fewer 
process steps (e.g., filtration). Project management, processes, responsibilities, communication, and 
industrial partners are in place. Progress is promising at this early stage. The project is identifying 
products worth recovering and determining/integrating process conditions enabling their recovery. Initial 
results support lower solvent use and energy costs over the SMB base case. 

• This is a truly innovative and highly promising concept. It is the most exciting I’ve seen in the 
Separations Consortium (or most anywhere else) for at least a few years. Sherwood plot analysis is a 
great place to start. It is not perfect, but it gives you a fair idea of the most likely places to start. The 
management plan is very light; risk mitigation is only a single bullet. It is nice to see some work on 
thermochem intermediates as well. Modeling effort looks sound as well—useful for screening operating 
parameters. Some trial and error is probably still necessary, but much less than without a model. 
Progress is excellent; looking forward to more! 

• This robust project appears to be well managed and has the right blend of modeling, source partners for 
raw materials, separations expertise, energy, and TEA analyses. Great coordination in applying the 
mathematical modeling along with the Sherwood analyses to mitigate risks. The authors presented a very 
clear goal statement with measurable targets to measure whether this technology overcomes limitations 
of the base case SMB chromatography. They made their case with an excellent first-principles 
description of the technologies for both the base case SMB and the emerging CCC separations strategy. 
The exciting aspects of the CCC are its flexibility to pick the stream (phase) with lower energy demand, 
ability to handle solids, high throughput, higher yields, and modeling solvent recovery/reuse as a 
parameter. Using the Sherwood plot as a tool to define target selections is invaluable and eliminates the 
need for experimental work because the tool identified hydrothermal liquefaction aqueous streams that 
are not compatible with CCC for individual compound extraction. This confirms the fact that these are 
also not high-value targets. They also provided clear and quantitative metrics around the go/no-go 
decision. The approach of using input streams from different commercial partners is a way to test the 
versatility of their approach and leaves confidence that they are grounded in developing a realistic and 
commercially applicable technology. The team has made excellent progress in a brief time period; what 
has been demonstrated so far shows considerable promise. 

PI RESPONSE TO REVIEWER COMMENTS 
• We appreciate the valuable feedback from the reviewers. The implementation plan of the project consists 

of five systematic steps: (1) prioritizing streams with a Sherwood plot analysis, (2) developing CCC 
simulations to predict CCC elution and purification profiles, (3) selecting optimal elution solvents, (4) 
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completing CCC experiments with real-world streams, and (5) energy footprint determination through 
TEA and LCA baselined to traditional SMB chromatography. Detailed milestones and risk mitigation 
strategies are listed in the AOP and are managed through the consortium-wide Smartsheet tool to 
coordinate. We apologize if these were not fully covered in the presentation, but limited time may have 
shortened discussion in this area. The key go/no-go milestone of the project was met last quarter using 
real reductive catalytic fractionation oil from poplar as the feed. The decision point was “Demonstrates 
an energy footprint <30% of the heating value of the targeted product and purity level >90% of the 
recovered products. Demonstrate stationary phase reduction of at least 20%, or eluent load reduction of 
at least 20% compared to traditional SMB technology as a benchmark.” To meet this milestone, the team 
optimized the CCC method on the real-world reductive catalytic fractionation oil sample through the 
five-step approach above and achieved separation of the target monomers identified from the Sherwood 
plot analysis at the 1-g scale. Larger sample separations are to be performed in years 2 and 3 of the 
project to scale the process to separate >50 g of purified compounds. The COVID-19 pandemic 
prevented larger-scale experimental runs in year 1, and the modeling tools were instead developed first. 
Industrial partners listed in the presentation are informal collaborations designed to generate seed data, 
modeling, and TEA for more specific projects with industrial partners through FOAs to move the 
technology into existing biorefinery businesses. Scale-up of CCC is an important consideration, 
especially because it is a newer technology. To help address scale-up, we have a formal collaboration 
with Brunel University, which is the world expert in CCC. In the last year, brand name companies have 
released large-scale units capable of processing tons of material per year. Evaluation of these 
instruments’ performance and operating modes at the industrial scale is in the early stages. Future work 
in the separations consortium may collect full-scale data with these instruments if access to them can be 
achieved. 
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MELT-STABLE ENGINEERED LIGNIN THERMOPLASTIC:  
A PRINTABLE RESIN 
Oak Ridge National Laboratory 

PROJECT DESCRIPTION 
This work develops a novel family of commercial-
ready, lignin-based thermoplastic polymers and 
polymer composites suitable for high-volume 
applications. Specifically, lignin derivatives are being 
produced that are inherently recyclable, rapidly 
moldable, and 3D printable, while capable of 
retaining their superior mechanical properties after 
thermal reprocessing. The objective of this research is to develop and commercialize lignin-derived, industrial-
grade polymers and composites with properties, including printability, exceeding current petroleum-derived 
alternatives. New functionalization chemistry of lignin is introduced in this research that yields reactive lignin 
capable of synthesizing polymeric products with high lignin contents (50%–70%). Technologies that enable 
high-value uses of lignin, a biorefinery waste stream, are important to achieve cost-competitive production of 
biofuels.  

 

WBS: 2.5.6.103 
Presenter(s): Amit Naskar 
Project Start Date: 10/01/2018 
Planned Project End Date: 09/30/2021 
Total DOE Funding: $1,375,000 



2021 PROJECT PEER REVIEW 

 

1116 PERFORMANCE-ADVANTAGED BIOPRODUCTS, 
BIOPROCESSING SEPARATIONS, AND PLASTICS 

 
Photo courtesy of ORNL 

COMMENTS 
• This project brings a compelling vision of applying modeling expertise to design higher-value materials 

from lignin. The team has made good technical progress and translated that work to an excellent 
portfolio of several prototype materials, patents, and publications. Good progress in demonstrating a 
potential use of composite material fabrication for automotive interior parts has led to a rudimentary 
TEA analysis. The project leaders have engaged with industrial partners (e.g., the R&D license with a 
renewables company that offers a commercial ABS replacement material is promising). My general 
concern repeats a theme brought forth in the 2019 Peer Review: management of diverse lignin sources. 
The team has demonstrated that the functionalization of two different lignin sources results in improved 
mechanical properties in the acrylonitrile-butadiene-lignin composites; however, the charts on page 12 
suggest that differences that reflect the lignin source persist in the final functionalized composites 
product. Can the project leaders elaborate on their confidence in whether the team can identify an 
economic and robust process that collapses lignin differences to create a source-neutral starting material? 
What are the barriers to an opposite approach that capitalizes on unique properties of biosourced 
materials and can marry with lignin specifications and link to the desired product properties (e.g., in the 
way that the biosourced alginates or carrageenan gels are managed)? 

• Management: A management plan and implementation process appear to be in place; however, this is 
relatively light in terms of depth because the work is solely at ORNL. There are connections to two 
industry partners, plus a license with a startup (Prisma Renewables). Commercialization discussions 
were impacted by COVID-19. There are regular meetings internally and outreach by the PI to industry 
partners that incorporates risk assessment coordination.  
 
Approach: The approach of making high-value thermoplastics with functionalized lignin has merit. 
Although there is value in this approach, there are challenges, risks, and obstacles. Concerns include the 
consistency and purity of lignins required and the costs associated with the overall process and how this 
translates to value at the waste stream. It would be useful to see a kind of preliminary scalable process 
design that could be the basis of detailed TEA evaluation and identification of the challenges. It is not 
clear how value will be shared with the lignin waste stream.  
 
Impact: The project shows promising new functionalization chemistry. The high-volume applications are 
not described but are assumed to be automotive. Commercial readiness is claimed, but full at-scale 
processes with downstream application targets are lacking. From a fully integrated process-to-application 
perspective, there is insufficient detail to understand the technical and commercial potential. A process to 
extract lignin will result in a range of waste products that could be costly to deal with. The investigators 
state that the product will be high value but omit to make clear how the cost structure of the product will 
translate across the value chain to become added value of the lignin itself. This premise of high value for 
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the lignin could be invalid, in which case the idea of such high value in a biorefinery waste stream would 
be false. It is stated that the composite is inherently recyclable without showing studies of this claim.  
 
Progress and outcomes: Some progress has been made with promising outcomes. There is an impressive 
list of patent applications from 2019/20, most licensed by Prisma. Functionalization improvements are 
show for new acrylonitrile-butadiene-lignin composites (strain/shear) with potential for automotive 
applications. A preliminary TEA was conducted, but it lacks rigor. Critical technical and development 
issues are described superficially and really require a detailed process evaluation and economic analysis 
and evaluation of the range of different lignins. Such evaluations would have a big impact on the 
outcomes and ultimate directions of the project. 

• Good coordination between national labs. It is not clear what the role of any industrial partners may be in 
setting the project goals. Reactive extrusion is a reasonable way to produce acrylonitrile-butadiene-lignin 
resins. There is concern about the variability of sources of lignin based on the feedstock (pine versus 
poplar on page 12) and the availability of lignin in the future. Cost-competitiveness and performance of 
resulting acrylonitrile-butadiene-lignin polymers versus other thermoplastics was not addressed. The 
thermoplastic markets are extremely competitive. It depends on the commercial availability of consistent 
and good quality lignin. If the lignin value is higher due to this development than the fuel value, it could 
improve the economics of biorefineries. That benefit needs to be addressed in the TEA. The project has 
demonstrated the feasibility of making thermoplastics with significant amounts of lignin. The value of 
this development needs to be ascertained. 

• Lignin is a variable and complex biopolymer, with many decades of proving difficult to work with, 
whereas 3D printing is a demanding application, especially for the high-speed industrial printers that will 
need to be addressed to make for a significant market. The presenter seemed to make the case of a small 
market size. So, what is the motivation? The management plan is minimal, and there is no real risk 
assessment or mitigation plan.  
 
Approach: Not enough was said about what would be the source of the lignin, how it would be treated, 
what control there would be over natural variability, etc. The property results for composites were hard 
to follow. The underlying values/meanings of some of the test methods are not well-known to 
nonexperts. What is the market size being proposed, given the results obtained? Only 3D printing, or 
more than that? A value of $2/lb for lignin is excellent, but how much can be sold? Progress is good in 
light of the time elapsed, the funds costed, and the challenges of the past year. 

• The project management structure and communication are in place, although more on risks and risk 
management would be welcome. The project appears to be coordinating with industry. The goal of 
producing lignin-derived composites with properties similar to incumbent molecules/technologies is in 
line with BETO and Technology Area goals. There is a clear end market and application. The successful 
use of a large percentage of a lignin from a biorefinery has substantial merit and could help economics; 
however, inconsistency of the input lignin may be a significant issue. It was suggested that the process 
could tune for this, although it is not clear how practical that may be. The approach is innovative and has 
already resulted in numerous publications, patent applications, and a license. This is a very promising 
project, with good accomplishments to date, having met a key go/no-go milestone (and using 70% lignin 
content). 

• This project seeks to develop and commercialize lignin-containing industrial-grade polymers and 
composites with properties that exceed currently used materials. Nonfederal funds have been raised and 
a cooperative research and development agreement initiated, but no commercialization partners are 
identified. Finding partners who will accept variation in material composition may prove challenging. 
Lignin functionalization that is applicable to all lignins has been developed. It would be helpful to create 
and test polymer using lignins from various sources to validate this. 
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PI RESPONSE TO REVIEWER COMMENTS 
• Market size and commercial potential: This project has developed three different lignin-based polymer 

classes: elastomers, thermoplastic, and functional or self-healing composites. Compositions that are 3D 
printable are easily melt processed; thus, they are compatible with other high-volume processing 
methods, such as injection molding as well. So, the potential market goes beyond just 3D printed 
structures. Elastomeric materials are softer and can be processed via resin-transfer molding; thus, all 
these can find use in automotive composite applications that have a significant market potential. The 
reviewers are right: It is difficult to penetrate the automotive market. It will certainly need industrial 
partners.  

• Partners: We are working with two startup companies. One of them is working with the world’s fourth 
largest auto parts manufacturer. We have not named all of them in the presentation. We raised nonfederal 
funds from one of them; thus, the “industrial partner has not been identified” comment was the 
presenter’s failure to communicate that.  

• Source of lignin and variation: We have worked with eight different lignin sources and grouped them 
into three types. Those three types of lignin show three different optimal compositions and materials 
behavior. These varying optimal conditions make it difficult to formulate a source-neutral starting 
material. Although we were working on that, the 2019 Peer Review criticized that because it was 
perceived to be ineffective. We were asked to focus on a certain market. It is indeed a great challenge, 
and we will address it during our remaining budget period. The claims of recyclability will also be 
demonstrated in the remaining budget period, but it is expected that they will be fully recyclable based 
on existing thermal stability data on the composites.  

• Fully integrated process to product perspective: Details of the technical aspects associated with sourced 
lignin to product could not be presented within the given time. Numerous articles published from this 
work will show the technical merit of the work. We claim solvent-free processing with high bulk 
material throughput in this integrated process (except lignin isolation). Lignin isolation must happen in a 
biorefinery. 

• TEA and economics that can positively impact the diverse lignin source barrier: We conducted only a 
preliminary TEA. Though the scalability needs to be demonstrated with an industrial partner, the 
processing approach is suited to existing banbury-type internal mixing (as well as twin screw extrusion) 
commonly used in rubber product manufacturing. We have used such processing cost data in our TEA. 
Instead of using lignin cost from a biorefinery, we estimated what a biorefinery can get as revenue from 
the lignin stream. We plan to conduct a thorough TEA in our next phase of research in collaboration with 
our industrial partners.  

• Management plan/risk assessment and mitigation: The main risk to commercialization is working with 
industrial partners and establishing the cost-competitiveness of these materials. This cost risk is 
mitigated by developing robust polymer compositions within three different polymer classes. Initial 
market penetration can be targeted in markets with higher end-product price points (e.g., self-healing 
polymer and 3D printable composites) before competing in the highly competitive commodity polymers 
market (elastomers for automotive interior). 
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CELLULOSE-CHITIN COMPOSITES FOR PERFORMANCE ADVANTAGED 
BARRIER PACKAGING BIOPRODUCTS 
Georgia Institute of Technology 

PROJECT DESCRIPTION 
There is a strong drive to discover and develop 
alternatives to conventional plastics that offer the 
ability to be manufactured and used in a circular 
manner. In a circular economy, as opposed to a linear 
one, materials are derived from renewable resources 
or recycled content, and at the end of life, they are 
able to be circulated back into production via a 
chemical, physical, or biological pathway. A critical need exists to develop such materials for plastic oxygen 
barrier packaging, which represents the largest contributor to unrecyclable plastic waste. This project is 
developing a PABP based on biomass that results in better oxygen permeability than a leading benchmark 
plastic packaging film, PET. The work innovates by developing a PABP from layers of cellulose and chitin 
nanofibers coated onto a cellulose acetate substrate. Both the cellulose and chitin layers are deposited 
simultaneously on a continuous slot-die coating line. To date, the project has succeeded in producing PABPs 
with oxygen permeabilities that are reduced by 20% to 80% relative to commercial oriented PET film. 

 

WBS: 2.5.6.200 
Presenter(s): Carson Meredith 
Project Start Date: 10/01/2018 
Planned Project End Date: 03/31/2022 
Total DOE Funding: $1,015,501 
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Photo courtesy of Georgia Institute of Technology 

COMMENTS 
• Management: The management plan and implementation appear to be appropriate and well organized. 

There is a solid consortium of institutions and industrial partners (academic: Georgia Tech, NREL, 
UGA; companies: Tidal Vision, Sugino, Winpak, Nestle) involved. There are frequent subteam 
meetings, showing continuous assessment of progress with bi-/triweekly management meetings.  
 
Approach: There appears to be merit and potential in this approach. The most critical issues are: (1) 
technical—the ability to fuse chitin-cellulose nanomaterial bilayers, (2) performance—reduction in 
oxygen permeability versus best oriented PET on the market, and (3) economic—based on first-pass 
process design. There were other important criteria, however, such as degradability and carbon reuse. 
The team appears to have developed various processes to evaluate these various criteria and critical 
issues. Critical challenges lie ahead with scaling a reliable/consistent source for chitin. There seems to be 
no effort to determine whether the fused chitin-cellulose nanomaterial bilayers are degradable and 
reusable.  
 
Impact: The project impact appears to be headed toward good outcomes with a good review of processes 
and some technical key deliverables in place. There are promising future opportunities with a U.S. 
Department of Agriculture proposal and a pilot idea with a major packaging converter.  
 
Progress and outcomes: Preliminary results are promising relative to the technical performance against 
intermediate goals. Interesting discoveries, such as the variability of the fiber size being important for 
performance in a bilayer. Still unknown for economics, but the team is addressing this in the next stage. 
The project appears to have coped well despite the COVID-19 impact, and progress and current 
outcomes look okay. Note that considerable technical challenges in perceived applications remain to be 
evaluated. Also, sourcing a reliable source of inexpensive chitin seems likely to be challenging. It is not 
clear how this will deliver against the list of “impacts”: (1) valuable byproducts from biorefineries, (2) 
reduced landfill use and ocean leakage, and (3) circular packaging alternative reuse of carbon. Some 
performance attributes are apparent, but this alone may not be sufficient to carry this chitin-based 
product to market (degradability might be though). The final goals (optimization of O2 permeability, 
effects of humidity, mechanical properties, process design and cost analysis) are likely very challenging. 
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• This is an interesting idea for waste utilization while also providing 100% biomass-derived alternative to 
nondegradable single-use packaging with good oxygen barrier properties. Project participants have met 
timelines for task achievement. Processing costs associated with cellulose and chitin preparation; 
material formulation is not discussed. Commercial partners have been identified, but it is not clear if this 
is intended to fill a product niche or is viable for large-scale utilization. 

• This is a promising concept. Current composites are fossil based and difficult to recycle or even to 
dispose other than by landfilling. Chitin is an intriguing choice; not many biopolymers have its favorable 
oxygen-barrier properties most likely. The management and risk mitigation plans are very good. The 
impact could be significant, but it was unclear how these composites would biodegrade in the 
environment. Is any testing planned on that? Progress is excellent based on funds and project duration so 
far, and on the challenging environment this past year. 

• The team was receptive and incorporated suggestions in the 2019 Peer Review. The goals and target are 
nicely laid out in the presentation, and the team is poised to be on track for the optimization tasks for 
2021. The composition optimization study revealed a handle to tune chitin nanofibers/cellulose 
nanocrystals (ChNF/CNC) bilayers to achieve specific oxygen permeability value. It is great that the 
program has engaged representative stakeholders along the process chain (raw materials provider/film 
converter/downstream client). The project goal is to exceed PET oxygen barrier performance in the 
range of 10% to 500% with input from downstream clients—what are the tangible benefits for flexible 
food and electronics packaging clients? Is the team confident that PET remains the best film benchmark 
for oxygen permeability—there are emerging films (e.g., PEF (polyethylenefuranoates))—on the horizon 
with lower oxygen permeability than PET. 

• The potential market size for a better, greener barrier packaging material is enormous, although working 
out the recycling and recovery of the barrier packaging will be a challenge (outside the scope of this 
project). The project approach of developing a reusable cellulose-chitin composite for barrier packaging 
could provide the technology push to help solve the macro issue regarding waste recovery. Chitin 
nanofibers made from abundant shellfish exoskeleton or from fungi, combined with wood-derived 
cellulose nanofibers, looks promising from a waste recovery/reuse standpoint. Progress using these bio-
derived materials to manufacture layered films with reduced oxygen barriers when compared to PET 
films has been excellent, supporting this as potentially technically feasible and manufacturable. Project 
management, assignments, communications are well thought out. Industrial engagement is present, 
useful from both feedstock and product performance standpoints. The layered structure of the barrier 
material may, however, prove difficult to deconstruct and recover efficiently. If these issues can be 
addressed economically, impact on the industrial use of barrier packaging and the replacement of 
incumbent technologies could be substantial. 

• Well-qualified, multifunctional team. Inclusion of key players in the materials supply chain is excellent. 
Clear goals and milestones. Coating approach prequalified with current packaging suppliers. Coated 
cellulose film versus PET using oxygen permeability barrier measurements to guide development. TEA 
of final option for competitive assessment. Would like to see PEF in the competitive offering TEA 
analysis. Single-use packaging is a major source of plastic waste in the environment. An ultimately 
biodegradable packaging system would be transformative, provided it meets the performance 
requirements at a competitive cost. The performance of chitin-coated cellulosic film has exceeded initial 
targets. Further work is needed to verify TEA and mechanical performance of coated films. 

PI RESPONSE TO REVIEWER COMMENTS 
• Thanks for a careful and conscientious review. These are helpful as we evaluate the highest priorities in 

the last year of work. Overall, this project’s aim has been to address a prioritized list of risks that affect 
commercializability. The first of these was the ability to achieve enhanced O2 barrier properties, and the 
second was to show that the film structures could be delivered via continuous coating process. We are 
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glad that the reviewers recognized the success of these primary goals. In addition, the reviewers have 
correctly identified some of the core challenges to progressing to higher TRL/MRL levels. The 
suggestion to evaluate degradation is a good one. While biodegradation was not in our original project 
scope, we have initiated a biodegradation assay with collaborators at the University of Georgia, which is 
presently underway. The last stage of the project, to start in summer 2021, will involve the evaluation of 
the TEA and major variables influencing the production costs of chitin nanofibers. Along with this aim, 
we will engage in identifying limits of mechanical property improvement and strategies for improving 
sensitivity to humidity. The sourcing of large volumes of chitin nanofibers is perhaps the most 
significant unknown. While the chitin fiber market evolves, one approach we are pursuing is non-chitin 
sources of cationic polysaccharides. Such materials would function like chitin in our structures but 
would be sourced from plant carbohydrates. 
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INTRODUCTION 
The Systems Development and Integration (SDI) Technology Area is one of 12 technology areas that were 
reviewed during the 2021 Bioenergy Technologies Office (BETO) Project Peer Review, which took place 
virtually March 8–12, March 15–16, and March 22–26, 2021. A total of 48 presentations were reviewed in the 
SDI session by five external experts from industry. For information about the structure, strategy, and 
implementation of the technology area and its relation to BETO’s overall mission, please refer to the 
corresponding program and technology area overview presentation slide decks 
(https://www.energy.gov/eere/bioenergy/2021-project-peer-review-systems-development-integration).  

This review addressed a total U.S. Department of Energy (DOE) investment value of approximately $157.3 
million, which represents approximately 22.5% of the BETO portfolio reviewed during the 2021 Project Peer 
Review. During the Project Peer Review meeting, the presenter for each project was given 30 minutes to 
deliver a presentation and respond to questions from the Review Panel.  

Projects were evaluated and scored for their project management, approach, impact, and progress and 
outcomes. This section of the report contains the Review Panel Summary Report, the Technology Area 
Programmatic Response, and the full results of the Project Peer Review, including scoring information for 
each project, comments from each reviewer, and the response provided by the project team.  

BETO designated Liz Moore as the SDI Technology Area review lead, with contractor support from Remy 
Biron (BGS, LLC). In this capacity, Liz Moore was responsible for all aspects of review planning and 
implementation. 

 

 

 

SDI REVIEW PANEL 
Name Affiliation 
Daniel Lane* Saille Consulting 

Vicky Putsche Independent consultant 

Paul Bryan Independent consultant 

Ignasi Paulo-Rivera RAPID Manufacturing Institute 
Mark Penshorn Penshorn Analysis 

* Lead Reviewer 
 

  

https://www.energy.gov/eere/bioenergy/2021-project-peer-review-systems-development-integration
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SDI REVIEW PANEL SUMMARY REPORT  
Prepared by the SDI Review Panel 

INTRODUCTION 
The SDI team—previously Advanced Development and Optimization—is a platform for BETO to support the 
development of novel bioenergy technologies through verified testing and demonstration to drive the 
commercialization of these technologies and ultimately to support BETO’s overall goal of enabling 
sustainable, nationwide production of biofuels that are compatible with existing transportation infrastructure. 
Within the SDI platform, there are currently 49 projects covering myriad technologies, readiness levels, and 
end users. Feedstocks range from biomass to bio-oils, and products range from drop-in fuels to improved 
monitoring and evaluation devices and processes. A common thread among all of them, though, is that BETO 
is looking to leverage prior research to accelerate commercial success across the entire platform. 

Projects reviewed this year are funded under annual operating plan (AOP) and funding opportunity 
announcement (FOA) support from Fiscal Year (FY) 2016 onward, including Project Definition for Pilot- and 
Demonstration-Scale Manufacturing of Biofuels, Bioproducts, and Biopower (FY 2016); Integrated 
Biorefinery (IBR) Optimization (FY 2017); Process Development for Advanced Biofuels and Biopower (FY 
2018); and the FY 2019 Advanced Manufacturing Office Multi-Topic FOA. Projects funded under the FY 
2020 Scale Up of Bench Applications (SCUBA) were still undergoing validation and were not included in this 
year’s review. 

The SDI platform also covers the national laboratory process development units (PDUs), connecting industry 
stakeholders with abilities, knowledge, and resources to enable accelerated development and scaling through 
the “valley of death.” These facilities include the Advanced Biofuels and Bioproducts Process Development 
Unit (ABPDU) at Lawrence Berkeley National Laboratory (LBNL), the biomass feedstock process 
demonstration unit at Idaho National Laboratory (INL), the integrated biorefinery facility at the National 
Renewable Energy Laboratory (NREL), hydrothermal liquefaction (HTL) at the Pacific Northwest National 
Laboratory (PNNL), and the thermochemical PDU at NREL. In addition to physical resources available for 
use, these laboratories produce analytical methods, process modeling tools, and other project analysis and 
evaluation processes for application across the entire portfolio of projects. 

Traditionally, SDI, in its demonstration and market transformation and advanced development and 
optimization incarnations, linked other BETO platforms and consortia in one place that was right on the edge 
of commercial viability, pushing the lessons learned from these other platforms and consortia on the projects 
within its purview to help reduce risk and to accelerate commercialization. In its latest incarnation, SDI is 
doing this and supporting the development of models, simulations, test methods, and evaluation and 
development tools that clearly show the potential to make a positive impact on future project 
commercialization activities. 

STRATEGY 
Historically, the focus of this technology area was to support large projects to help achieve large-scale biofuels 
production. Today, although the goals have not appreciably changed, the scales and technology readiness 
levels (TRLs) have been reduced. Pre-pilot-, pilot-, and demonstration-scale projects are all considered within 
the program, which now encompasses projects with TRLs ranging from 4 to 8. At the lower end of the TRL 
spectrum are early research-and-development (R&D) projects from universities and research facilities as well 
as the national laboratory PDUs. The PDUs are clearly evolving as industry shifts directions, and during this 
review, they showed several major upgrades and changes to user facilities that should have long-reaching 
impacts on biofuels industry projects, both those that are DOE funded and privately funded. At the higher end 
of the TRL are several pilot- and demonstration-scale projects that show promise for getting large-scale 
biomass processing and biofuels production to market. With regard to funding, the balance of FOA and AOP 
support appears good and does a good job supporting open competition for projects to find grant funding via 
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FOAs while maintaining some funds for multilaboratory consortia that can be very effective; however, it is 
more important than ever that all projects show how they will reduce commercialization risk by eliminating 
barriers and making progress toward the BETO and SDI goals.  

As the program evolves and administrations change, missions, goals, and targets may vary and complicate 
consistency, but the reviewers agree that the technology area has a good and clearly communicated strategy. 
The focus on early-TRL projects allows for the development of predictive models and computational tools that 
inform process design for pre-pilot- and pilot-scale projects; the focus on mid-TRL projects provides 
opportunities to utilize PDUs in the development of pilot- and demonstration-scale projects; and the selection 
of several late-TRL projects helps to leverage existing infrastructure and to provide projects the opportunity 
and guidance to create documentation and resources needed to procure commercial funding for the large-scale 
implementation of technology. During the review process, however, several things stood out: 

• Several projects presented appear to have a direct overlap with work going on in other technology areas, 
including the Feedstock-Conversion Interface Consortium (FCIC). In addition, several projects within 
the SDI portfolio were clearly related but did not appear to be working together in any consistent or 
substantive way. There needs to be more transfer of knowledge among these areas to better leverage 
existing work and to reduce overall project risks. 

• Although SDI has, for years, requested and considered industry and stakeholder input in developing 
strategy, FOA topics, and laboratory calls, there is an opportunity for a larger and more substantial role 
for stakeholders and industry to participate and better influence both program strategy and specific 
projects and laboratories. Industry involvement should prioritize current and future companies looking to 
commercially operate facilities instead of technology developers, although both should be welcome. One 
example of this is the deacetylation and mechanical refining (DMR) process, which is supported by 
BETO but shows little to no industry support for commercial-scale application. 

• It was hard to identify the individual impact each project makes toward the BETO and SDI program 
goals, specifically that the projects understand the impact they intend to make and have identified a clear 
pathway to that impact. Projects often claimed success would achieve <$3/gallon gasoline equivalent 
(GGE) but never identified or quantified a means to do so. Whatever projects claim toward targets, there 
is an opportunity for all projects to identify upfront what sorts of lessons learned can be communicated 
even if the project fails to achieve complete success. 

Overall, the largest gap visible in the SDI Technology Area is the clear communication by projects that the 
assumptions that have made have been or will be validated. Assumptions—whether technical, market, 
financial, or business—are meant to simplify preliminary efforts by reducing the quantity of unknowns faced 
during development. If these assumptions are not validated, projects may show a balance on a calculated sheet, 
but they must acknowledge that they still retain all that risk when scaling up. 

STRATEGY IMPLEMENTATION AND PROGRESS 
Most projects presented during this review process are a good fit for the portfolio and are clearly being 
managed well by both the principal investigators (PIs) and the SDI team. The projects represent a broad 
spectrum of approaches toward achieving the SDI goals and milestones, especially with regard to sustainable 
aviation fuel (SAF) production and improving biomass feedstock handling to achieve an inexpensive and 
energy-efficient means to getting biomass into conversion processes. Although the development of woodstoves 
may appear unexpected, reduction of greenhouse gas (GHG) emissions is a BETO goal, and inclusion of these 
projects is appropriate for the portfolio; however, several projects did not appear to support the SDI goals and 
milestones directly, or appeared strong but showed questionable impact on achieving those goals. The Review 
Panel made the following observations about projects in the portfolio: 
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• Projects in which the result is a computer-based tool for industry application are products much like 
process equipment and should be treated as such. Development should include clear industry and 
stakeholder input upfront as part of the project definition, as well as use case development and 
applications and end user development, and each of these items needs to be revisited repeatedly during 
the life of the project. If it is not clear not only why these products can be used but also how and by 
whom, their application will be limited, as will their impact on overall program goals. 

• Several projects appear as though they will ultimately have low impact on the industry or its 
development. These projects are focused on developing a technology without a clear understanding of 
what industry is looking for or truly needs. These include some of the modeling and computer simulation 
projects, projects developing very expensive processes that require multiple coproducts to achieve some 
level of financial viability, and projects that either through fear of technology leakage or other 
confidentiality concerns could neither describe the process nor sufficiently support claims for evaluation. 

• SDI’s efforts to encourage demonstration-scale projects may be inspiring for the development of 
specialty coproducts at the expense of large-scale biomass processing to biofuels. Particularly of note are 
projects that are showing pretreatment processes with low impact on carbohydrate conversion to fuel 
products and instead focus on optimizing lignin, lipids, or specialty cellulose and carbon fiber products. 
Early-TRL projects such as these should be funded if they clearly inform the retiring of barriers but 
should not be considered for scale-up without significant techno-economic analysis (TEA) that includes 
validation of major assumptions. 

Given the potential gaps in other BETO programs that feed projects toward the SDI portfolio, it can be difficult 
for SDI to be effective in developing and driving “leading-edge” projects. Occasionally, it may be necessary to 
consider funding “outside” projects to fill those gaps; these projects come with less prior diligence than those 
previously funded by BETO and carry greater risks. Within that constraint, SDI has done a good job selecting 
projects that can be particularly impactful. Examples include Forest Concepts’ improved biomass feedstock 
handling and feeding engineering project, which is already showing significant impact on several other 
projects within the portfolio; NREL’s coprocessing of bio-oils with refinery streams, which looks to accelerate 
the addition of biomass-sourced intermediates into existing transportation fuels infrastructure; and the T2C-
Energy TRIFTS project, which converts biogas directly to a drop-in renewable diesel and has the potential to 
piggyback on the rapidly expanding number of commercial waste-to-energy projects. 

With regard to meeting the stated program goals and targets, the current portfolio as presented is, 
unfortunately, difficult to evaluate. Overall, several projects look poised to help SDI and BETO meet the stated 
program goals and targets, but a considerable number have not demonstrated where the project fits in the big 
picture and what impact they will have on SDI’s goals and targets. Although it has been the practice of SDI to 
request TEA within projects, TEA evaluation of projects continues to be weak, and most projects appear to 
approach the TEA as a means to justify achieving the minimum fuel selling price (MFSP) target by starting at 
$3/GGE and working backward. Early-TRL projects focus on developing tools, but they do not quantify the 
impact those tools can have, such as how much system downtime adds to MFSP and what portion can be 
ameliorated via an improved feeding system. Late-TRL projects, whether due to confidentiality concerns or an 
underlying misunderstanding of the methodology and purpose, are often not showing results that would 
support financing the construction of large-scale biofuels production facilities.  

Finally, it is the assessment of this Review Panel that the SDI team is passionate, capable, and doing an 
excellent job managing projects within the portfolio. Where there appear to be difficulties with individual 
projects, the team is clearly working to assist and guide those projects in support of the technology area goal to 
assist in the commercialization of technologies to achieve large-scale biofuels production. Overall progress 
toward achieving the goals is good, as evidenced by the multiple projects presented that clearly show the 
possibility of financial viability at a larger scale of producing biofuels and bioproducts. 
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RECOMMENDATIONS 
Following a thorough review and discussion of the 49 projects presented in the SDI portfolio, it is the 
assessment of the Review Panel that SDI is doing a good job of catalyzing the development and testing of 
bioenergy production technologies through multiple scales via project support and risk reduction 
methodologies. Along with that assessment, the Review Panel offers the following recommendations for 
consideration by the technology area to strengthen the portfolio in the near to medium term. 

Recommendation 1: All projects must submit a detailed block flow diagram (BFD) or process flow 
diagram with quantified major inputs and outputs to show that they both understand where their project 
fits into the bigger picture and where proposed improvements will have an impact. 
Although confidentiality concerns may play a role in reviewers not seeing these, it is the impression of the 
Review Panel that many projects do not supply these and cannot clearly explain where their project fits and 
how they will make an impact. For other technology areas, especially those at very low TRLs, it can be 
understandable that a project team might have difficulties here; however, commercialization projects should be 
able to supply and show an understanding of these basic documents. 

Recommendation 2: SDI should publish a guide to conducting TEAs, require that projects provide them 
during validation, and reevaluate progress during the project lifetime. 
Commercialization of any technology requires a clear understanding of both technical feasibility and financial 
viability. As projects at lower TRLs are accepted into the SDI portfolio, experience performing these TEAs 
may be lacking, and, as such, they may have difficulties showing pathways toward achieving stated goals and 
tracking progress toward them. Sensitivity analyses around TEAs are also excellent means of highlighting 
areas with the best opportunity to impact commercial potential. All TEAs submitted to SDI should list 
assumptions made and the plan to validate these assumptions to reduce the risk of scale-up. 

Recommendation 3: Project closeout should include routine publication of lessons learned that will be 
beneficial to future projects, such as sanitized/anonymous compilations of TEAs clearly showing major 
targets for improvement and/or process and pathway guidance. 
Failure is an integral part of the learning process, and engineering process and product development benefits 
from understanding why something has failed by designing around those failures in future projects. The 
routine publication and widescale dissemination of lessons learned after project closeout could have a major 
impact on guiding even projects that are not BETO funded. Whether the lesson is technical-, market-, or 
finance-based, future projects can see commercial deployment catalyzed by not having to learn all these 
lessons on their own. 
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SDI PROGRAMMATIC RESPONSE 
INTRODUCTION 
The SDI team would like to thank the Review Panel for providing their time and expertise throughout the 2021 
BETO Peer Review process and for their significant feedback in the review of projects in the SDI portfolio. 
We appreciate the panel’s comment stating that SDI has clearly communicated and acted upon its strategy to 
leverage prior research to accelerate commercial success across the entire platform. By interfacing with a wide 
range of competitively awarded projects at TRLs 3–8 and national lab AOPs, including a variety of consortia, 
the SDI program works to take the lessons learned from prior scale work to ultimately reduce risk during scale-
up and to move these technologies toward commercialization. The Review Panel noted that in addition to 
SDI’s traditional work de-risking technologies, its more recent work supporting the development of tools, 
models, and test methods is also an important step in moving toward commercialization. 

AREAS OF CONCERN 
In our review of the panel’s summary report, we acknowledge the gaps that exist in the implementation of the 
SDI strategy, and we appreciate the panel for highlighting them so we may address them moving forward.  

The first area of concern highlighted the importance of a balanced portfolio and the significance of ensuring 
that each project within the portfolio plays a part in the “bigger picture.” The panel found difficulty in 
evaluating the SDI portfolio with regard to determining how some projects help meet the subprogram’s goals 
and targets. There were also areas in which it appeared that the SDI project scope was overlapping with the 
scope of other BETO-funded projects. The Review Panel noted a need for ongoing knowledge transfer among 
projects after noting that some projects with clearly related scope were not coordinating with each other in 
ways that would provide lasting mutual benefit. In addition, the reviewers felt that SDI’s focus on leveraging 
lessons learned should also apply to projects that are in progress and that there should be ongoing 
communications among projects in the portfolio to help de-risk these technologies.  

The SDI team appreciates this insight from the reviewers and plans to address the main issue here by 
developing a true portfolio analysis process that would help us evaluate the strengths and weaknesses of the 
portfolio and better understand how projects are directly supporting our strategic goals. By performing this 
portfolio analysis on a regular basis, we can produce results that can be utilized by future Peer Review panels, 
inform our own decision-making process, and contribute to our strategic planning efforts and Multi-Year 
Program Plan (MYPP) development. We would also like to highlight that although we do encourage inter-
portfolio communications through activities such as the PDU Working Group, the FCIC, and other multi-lab 
projects, we do see an opportunity for communications between individual projects or non-partnered entities 
that could be leveraged in the future. Moving forward, we will aim to find more effective methods to help 
these projects share new information, disseminate lessons learned, and coordinate in ways that will help 
overcome barriers to commercialization. 

As a second area of concern, the reviewers felt that in encouraging demonstration-scale projects, SDI may, in 
turn, be promoting projects that favor bioproduct development over large-scale processing of biomass into 
biofuels. The panel emphasized that some projects favored pretreatment processes with low impact on 
carbohydrate conversion to fuel products and instead were focused on optimizing lignin, lipids, or specialty 
cellulose and carbon fiber products. Within a similar vein, the reviewers also observed a disconnect between 
the focus of some projects and the current direction being taken by industry and noted that the SDI could 
provide a greater push to commercialization for biofuel technologies by involving industry partners that focus 
on commercial operation of facilities rather than on technology developers.  

The SDI subprogram understands the importance of industry engagement, especially because SDI works to 
support technologies further along the TRL spectrum. We work to ensure that industry has the opportunity to 
provide input through public workshops, during the independent review of proposals for competitive 



2021 PROJECT PEER REVIEW 

 

1132 SYSTEMS DEVELOPMENT AND INTEGRATION 

solicitations and national lab AOPs, and via feedback through this Peer Review process. BETO and SDI 
regularly incorporate stakeholder feedback into strategic planning efforts and will continue to work to ensure 
that projects within the portfolio are well positioned to share knowledge and transfer technology to industry for 
commercialization efforts. To this effect, SDI makes a best effort to award projects across the TRL spectrum, 
from lower-TRL unit operations through demonstration-scale biorefineries. We believe that it is important to 
award projects focused on the design and operation of integrated facilities, but also to support technology 
development that can increase efficiencies of individual unit operations. Through stakeholder engagement and 
industry coordination, we work to identify existing barriers to commercialization; and through our funding 
solicitations, we target technologies that are primed to address these barriers. Our projects work to scale up 
these individual technologies and integrate them into pre-pilot-, pilot-, and demonstration-scale plants.  

In the overall review of the SDI portfolio, the Review Panel provided three recommendations: 

Recommendation 1: All projects must submit a detailed BFD or process flow diagram with quantified 
major inputs and outputs to show that they both understand where their project fits into the bigger 
picture and where proposed improvements will have an impact. 
The program thanks the reviewers for this recommendation. It is a documented best practice within SDI to 
require a BFD as a deliverable for full application to BETO-funded solicitations, but we will take the feedback 
from the reviewers and continue to adapt this requirement to ensure that we are requesting the best and most 
pertinent data from our projects. By combining this requirement with our plan to implement a portfolio 
analysis process, we can help projects better understand where they fit into the technology pathway and help 
BETO understand where projects fit into our strategic vision. We believe that it is important that our projects 
not only advance the state of technology (SOT) for the unit operations relevant to the project, but also that 
these improved unit operations can be integrated with the biofuels/bioproducts production pathway. 

Recommendation 2: SDI should publish a guide to conducting TEAs, require that projects provide them 
during validation, and reevaluate progress during the project lifetime. 
Standardization of TEA development would be extremely beneficial for our projects. We understand the 
importance of standardization when drawing comparisons among TEAs for similar technologies or pathways. 
SDI, in collaboration with the other BETO subprograms, will publish a guide to conducting TEAs, require that 
projects provide them during validation, and reevaluate progress during the project lifetime. As a focus of this 
guide, we will work to ensure that all assumptions are clearly documented and validated and that projects no 
longer “work backward” from an MFSP target in order to guarantee a result. 

Recommendation 3: Project closeout should include routine publication of lessons learned that will be 
beneficial to future projects, such as sanitized/anonymous compilations of TEAs clearly showing major 
targets for improvement and/or process and pathway guidance. 
The SDI team agrees with this recommendation and recognizes the importance of disseminating lessons 
learned to the industry as a whole. Through federal reporting requirements, BETO requires publication of final 
technical reports through the Office of Scientific and Technical Information during project closeout. These 
final reports are free of proprietary information but include highly beneficial lessons learned that can be 
accessed by the public. To increase access to this information, SDI will publish an annual compilation of 
lessons learned from these projects. The compilation will include lessons learned from projects across the 
BETO portfolio, and it will be shared among our projects as well as disseminated to a larger audience, 
including academia and industry. The SDI team values information sharing and believes that dissemination of 
this knowledge is integral to our overall goal of de-risking technologies. We will work to ensure that 
stakeholders are aware of these resources, and we will encourage our projects to adapt their approach as new 
lessons learned are released.  

CONCLUSION 
Again, we thank the Review Panel for their thoughtful review of the projects within the SDI portfolio and for 
taking the time to engage with our project performers during the 2021 BETO Peer Review. Your insightful 
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questions and detailed feedback have provided the SDI team the opportunity to reflect on the strengths and 
weaknesses of the portfolio and to reassess our approach to meeting our strategic goals. The recommendations 
given by the panel have been well received by the SDI team, and we will work to incorporate them into our 
management of existing projects in the portfolio as well as for future projects. We look forward to the 2023 
BETO Peer Review, where we will highlight the growth of our portfolio during the next 2 years, and to finding 
new ways in which we can improve our work.  
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BIOMASS FEEDSTOCK NATIONAL USER FACILITY 
UPGRADE 
Idaho National Laboratory 

PROJECT DESCRIPTION 
The purpose of the Biomass Feedstock National User 
Facility (BFNUF) upgrade is to expand upon the 
uniform format processing of the original user facility 
design. This upgrade is taking place in three 
installments of $5 million over 3 years and seeks to 
transform the BFNUF into a user facility that can 
transform any waste material into a conversion-ready 
feedstock. These feedstocks will have improved flow properties, less variability, and reduced scaling risks to 
achieve the greatest positive impact on the problems that exist in the current bioenergy industry. The main 
challenge of this upgrade will be anticipating all the potential waste streams that could be transformed into 
feedstocks and the variety of downstream conversion process needs. This challenge is being addressed by 
holding broad stakeholder workshops and individual interviews to gather feedback on potential waste streams, 
conversion methods, and possible contaminants. The outcome of these stakeholder interviews has been a 
facility design that meets user needs by being flexible enough to operate at a variety of scales while having 
wide-ranging analytical capabilities and the ability to scale up processes. Currently, more than 80% of the 
equipment purchased in the first round of funding is on-site, and capabilities in particle size control in three 
dimensions and fines analysis, among other processes, have been completed.  

  

WBS: 1.2.3.10 

Presenter(s): Luke Williams 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $15,000,000 
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Photo courtesy of INL 

COMMENTS 
• This is more than an appropriate upgrade of the BFNUF. It is somewhat unclear who the external 

stakeholders are: How were they selected? What is the TRL? What are the different scales, such as waste 
industry, universities (small scale)? What is the customer target? Are all wastes to all specs? What are 
the cost/throughput targets? Is it too much change? Is it doable? 

• It is not clear if there are any projects in industry or within BETO that drove the need to upgrade the 
facility. Specific examples would be of benefit to understand the approach to the upgrades. The process 
of determining what new equipment is purchased by the PDU was not discussed. There is a risk not 
mentioned in the presentation that the equipment at the PDU will not be of interest to industry. It is not 
clear if any new process design is required for the municipal solid waste (MSW) processing or if BFNUF 
is using designs already used in recycling facilities. The project has done a significant amount of work 
gathering user feedback and incorporating that feedback into their design. Management has correctly 
believed that the time and effort required to properly build this facility was worth the investment. The 
new facility appears to focus on fractionated feedstocks, but the presentation did not state whether the 
system will be set up so that the same analytical techniques can be applied to feedstocks and systems that 
cannot or will not afford the upfront capital. The presentation stated that there was a desire to be flexible 
in the setup, but it did not discuss how that would take place physically at the BFNUF. It is not clear if 
equipment is readily mobile or if units can be integrated like Lego blocks together. Original equipment 
manufacturers (OEMs) did not appear to be involved in the design. Many other projects are working 
toward the development of proper mechanisms of corrosion (MOC) for equipment. It is not obvious 
whether any of the upgrades specifically work to evaluate MOC. Hopefully, BFNUF is not entirely 
focused only on what facilities should do, but also on what they are likely to do, and have not rid the 
facility of valuable units of operation, such as the hammer mill. Specific examples provided of potential 
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feed systems show a good range of the diverse, upfront work that this facility can do. It is not clear if and 
when the data management system will be integrated with FCIC Task 8. 

• The workshop findings (slide 4) were hardly surprising and would not have been surprising a decade 
ago, but that does not make them any less true, and continued upgrading of the BFNUF to help deal with 
them makes tremendous sense. The team has done good work in surveying stakeholders. There is clear 
progress on broadening the capabilities of the BFNUF. It is appropriate for two-thirds of the way 
through. This is an exceptionally valuable facility, allowing many users who would otherwise be lost in 
the feedstock preprocessing area access to expertise and a wide range of equipment. Expanding it to 
meet the expanded feedstock interests of BETO is money well spent. 

• This project has a clear focus, an excellent approach, and it shows a clear impact to industry upon 
completion. The analogy of the grist versus roller mill is apt, and it looks toward the future for 
application beyond typical biomass feedstocks. 

• This project has the potential to be very high impact because feedstock handling and feeding is a huge 
issue in biomass projects, and the project team appears to be making excellent progress toward their 
goals. The approach may need to be revised because it is unclear that the scope is sufficiently limited. It 
appears that the project wants to be able to process all feedstocks for all comers, which is not possible. 
Further, although the project states that there are methods for narrowing the scope and ordering 
priorities, the process for doing this was not outlined. Finally, the management plan needs development. 
The project structure seems limited—a plan based solely on the size of or feedstock feeding speed does 
not seem appropriate. No communications plan was outlined, nor were handoffs outlined. It is difficult to 
see if the project is meeting its milestones. 

PI RESPONSE TO REVIEWER COMMENTS 
I thank the reviewers for the positive feedback on the appropriateness and need for upgrading the 
BFNUF. Questions related to our selection of stakeholders, the determination of needed equipment, and 
the facility capability requirements are addressed below. The external stakeholders are broadly covered 
by national lab, university, and industry partners. This inherently covers a wide range of TRLs, roughly 
from 1–5, and a variety of waste materials that could be transformed into feedstocks for a variety of 
conversion processes. Although all these partners were offered a seat at the table during the recent 
workshop, the bulk of the outreach was directed toward industry and evaluating their needs. Reaching 
out to industry and focusing on more industrially relevant conversion processes should allow the new 
BFNUF to expand the base of research partners to higher TRLs that operate beyond the traditional 
national laboratory and academic groups. This industry outreach also allows us to focus on making 
feedstocks for more mature conversion processes, such as gasification, as opposed to only pyrolysis. 
Because many feedstock needs for “thermochem” processes are similar, we are hoping that the “all 
wastes to all specs” ends up following similar fractionation pathways for each conversion partner. 
Equipment was generally determined by trying to address a partner’s needs, for example, on something 
such as particle size characterization, and selection was refined by discussion and sample testing with 
OEMs. Determination of our partners’ needs occurred through workshops and interviews. These 
interviews led us to identify specific problem contaminants that needed to be removed, such as chlorine 
from MSW, which helped guide the equipment selection. The analytical systems being installed in the 
new BFNUF will be used to characterize all wastes that enter the facility before, during, and after 
processing. This broad characterization scheme will allow external entities to adopt processing strategies 
to meet their own requirements for feedstock quality and capital expenditures (CapEx) based on 
learnings from the BFNUF. Regarding the facility capability requirements, many of the units scheduled 
to be purchased as part of this upgrade are at a scale where samples can be manually transferred between 
various pieces of equipment and sampled for analysis. So, in a sense, they will be able to be connected 
like Lego blocks. The goal is to work with OEMs to make sure that we understand equipment 
capabilities well enough that we can also scale up feedstock production from the kilogram scale to the 
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ton scale for testing promising preprocessing methods. Some of the larger-scale PDU equipment from 
the first build (such as the pellet mill) is mobile and can be loaned to industry as needed. Note that the 
upgrade is not looking to evaluate specific materials of construction as much as making sure that we 
have the ability to investigate material wear through techniques such as microscopy. If industry wants to 
test a specific material of construction, we have the ability to swap out parts (such as hammers in a mill) 
to test various materials and report back. 
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INTEGRATED COMPUTATIONAL TOOLS TO OPTIMIZE AND 
DE-RISK FEEDSTOCK HANDLING AND HIGH-PRESSURE 
REACTOR  
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
Biomass feedstocks exhibit inherent heterogeneity 
and vastly different materials properties from 
common granular feedstocks for which many solids 
handling unit operations were designed. These 
features have proven a significant impediment to the 
implementation of robust, continual biomass feeding 
systems for second-generation biorefineries. To 
address these challenges, we are developing integrated, experimentally validated simulations for several 
common feed handling and reactor feeding systems. We are building upon previous investments from DOE 
that developed state-of-the-art (SOA) modeling and simulation tools under the Consortium for Computational 
Physics and Chemistry (CCPC), the FCIC, and other BETO-funded projects. We are leveraging and extending 
these tools to model the solids handling processes that constitute the front end of the Red Rock Biofuels (RRB) 
gasification and Fischer-Tropsch conversion process. This key partnership facilitates experimental validation 
of the simulations and provides immediate impact whereby the resultant models are being used to optimize and 
de-risk commercial-scale deployment of the RRB process. Specifically, we are developing simulations for the 
feed hoppers, compression screw feeder, and conveyor/pyrolyzer units employed in the RRB process. The 
parameterization of these models for feedstock-specific scenarios have been informed by multimodal 
characterization of the structure, physical properties, and flow behavior of various feedstocks. This validated 
simulation tool kit can be generalized to aid in optimizing and de-risking other biomass conversion processes 
that use these common solids handling/reactor feeding units. In addition, we will provide correlations that can 
be used to adjust optimal operating conditions based on feedstock parameters. This project is making 
substantial progress toward understanding and overcoming the barriers associated with handling and feeding 
biomass, which will facilitate and de-risk the commercial-scale deployment of second-generation biorefineries. 

 

WBS: 3.1.1.001 

Presenter(s): Peter Ciesielski 

Project Start Date: 10/01/2017 

Planned Project End Date: 12/31/2020 

Total DOE Funding: $2,251,667 
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Photo courtesy of NREL 

COMMENTS 
• This is an ambitious project to use multiphysics modeling for biomass feeding and a high-pressure 

reactor. It is unclear that the level of computational complexity chosen for the modeling of these 
operations is justified through the actual results and the value added to the actual design of these 
operations. How did the team arrive at the balance between the computational complexity versus simpler 
but still rigorous modeling? What is the extra complexity achieving? One possible downside is the 
difficulty of generalizing the methodology beyond the currently targeted specific operations, units, and 
biomass definition. How is it checked that the selected characterization of the biomass feed is what is 
required to define this type of predictive model? The idea of generating simplified models from the more 
complex and computationally intensive ones is very reasonable, but what type and how these simplified 
models are defined and “fitted” was not clear. This is a fertile field, and I encourage the project 
participants to investigate the advantages and disadvantages to the well-defined and published existing 
methodologies. 

• The management plan is a bit light for a four-organization group—industry, lab, academic—scattered 
around the country. The approach is solid, and the involvement of RRB, Jenike & Johanson, and Valmet 
is a plus. There is some issue of translation of the results to any other situation, but the approach should 
be of fairly general applicability. There has been a huge amount of work done in silo and hopper 
discharge, bridging, ratholing, flow regimes, etc. How unique and innovative is the approach here? In the 
high-temperature reactor modeling, it is difficult to see any chemistry explicitly involved. Even the finite 
element method (FEM) model appears not to have any terms accounting for the pyrolytic deconstruction 
of biomass. This is another project where the overlap with the FCIC is obvious. Is there any 
collaboration/communication? Where does this go from here? Will the models be widely available, or 
must each new project start from scratch with the approach developed here? 

• The project looks well organized and executed. The table of risks and mitigation strategies was 
especially helpful. I would like to have seen more information on how tasks were coordinated instead of 
resumes of the team. One drawback of this project is its narrow impact and approach. The amount of 
resources taken—“pushing the envelope of…high-performance computing (HPC) resources”—seems to 
be too high for widespread use. How will these results be used outside of RRB? The approach was well 
thought out and executed. The validation of the high-temperature simulations will be very valuable. 
Again, however, it is unclear how this can be more widely used. The team mentioned two methods of 
modeling particles: spherical with high rolling resistance and glued spheres. It would have been nice to 
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understand which model worked best under which conditions. Perhaps this can be a learning that is 
applied elsewhere? This is a nice project with excellent progress. 

• This project is lacking in specific data to allow meaningful evaluation. Under impact, the team presented 
a table with no numbers on either axis, and the percentage of downtime increases the cost per gallon of 
fuel; however, what is the current state of the equipment? What level of improvement is needed to reach 
economic targets? And what progress has been made toward the level of improvement? In addition, it is 
unclear whether the findings will be shared with industry as a whole and whether the team is 
communicating with the other projects doing similar modeling work. 

• What was the problem that led to this project? I did not see the problem as well defined. If lower packing 
density means less throughput, solving high moisture content would require less throughput and yield 
(slide 17). Reducing overall yield is generally an unacceptable solution in a pro forma, but the duration 
of this lower throughput was not discussed or how the system was going to identify high periods of 
moisture. High moisture content means more heat-up time? These insights are not very strong. But 
sometimes an experiment does not lead to new insights. Past attempts to solve the problem and the 
lessons learned from those attempts were not discussed. The presentation of the approach to this project 
would have benefitted by an understanding of the history of the project.  

The size range of particles in the simulation was not defined. If the model has been validated (slide 18), 
the presentation should have gone into the results of the validation test. From what was presented, it was 
not clear how the model was validated either in the setup, the execution, or the results. Only one set of 
data (on a screw) was presented, and it was not clear if that screw had a modified design, and if not, why 
the experiment was done in the first place. It is not clear whether a discrete element method (DEM) 
model is consistently used by Jenike & Johanson in other similar projects or why this effort was required 
here but not elsewhere. The method and manner of modeling chips have been done in collaboration with 
BETO teams doing similar work, but the approaches discussed by the groups are different. It seems this 
project could benefit from such a collaboration, but more information is needed to understand this 
relationship.  

The state of the RRB commercial project was not clear. The project appears to impact the selection of 
the capital equipment and design, which could be a material impact to that overall project. The 
relationship of torque developed on the feed screw was done empirically at room temperature. The 
results of this testing will be completely different at actual run temperatures, and it is not clear if the 
model will be developed to predict this impact. The duration of the validation tests was not made clear. It 
was not clear what design parameters were being tested or determined by the model. It appears it is 
sizing information, but without temperature effects, it is doubtful that the model will properly 
demonstrate actual operation. It is not a sufficient answer to explain that modeling is too expensive to 
include all the complexities if the complexities are what is causing the failures in the field. It is not clear 
what experiment or data resulted in the two approaches discussed in the presentation. It would be of 
benefit to understand the advantages and disadvantages of both. 

 PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their engagement and discussion during the virtual Project Peer Review 

meeting and for their follow-on constructive comments and questions. Responses to each set of 
comments are provided next. As for many projects with joint government and industry funding, some 
outcomes will be shared broadly, and some will remain proprietary. We anticipate that many of the 
methods and results for the flow modeling will be published in journal papers and released as open-
source software. The pyrolysis modeling work involves details that are trade secrets. Nonetheless, some 
of the particle-scale pyrolysis models that were partly funded by this project have been published. We 
acknowledged in the presentation (slide 5) that the modeling work complements activities in the FCIC 
and the CCPC. The PI and the co-PI for this project have active involvement in both of those consortia 
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and hence are leveraging knowledge gained across the projects. Unfortunately, there is currently not a 
forum for communicating findings between this project and the other projects funded via the IBR 
optimization program. Some comments and questions are mainly about the pros and cons of the physics-
based computational models developed here compared to more traditional (and simpler) engineering 
models. This is a good point and one that we may not have fully addressed in the presentation.  

Generally speaking, physics-based models can provide insights into complex phenomena, like those that 
occur in biomass processing, that simpler low-order and empirically based models cannot. The fully 3D 
simulations can be used to troubleshoot existing equipment and reactor designs in substantial detail as 
well as suggest new novel designs that have potentially increased performance. Although physics-based 
computational models may not be necessary for every unit operation in well-established process 
industries, lignocellulosic biorefining is a nascent industry that has experienced widespread problems 
with materials handling and reactor feeding, thus motivating the development of physics-based models 
for those unit operations. Unfortunately, the allotted 20 minutes did not allow us to report all the 
experimental work, including details of the validation studies. The DEM models of bulk material flow in 
hoppers and silos were validated against discharge from a two-story conical hopper. The computational 
fluid dynamics (CFD) models of flow in compression screw feeders was validated against the operation 
of two actual feeders: one at room temperature in a pilot-scale experiment and one in production. The 
kinetics part of the pyrolysis models was validated by small-scale experiments and was further supported 
by findings in related projects at NREL. When coupled with established physical models for flow, mass 
transfer, and evaporation, we have reasonably high confidence in the simulation methods.  

The evaluation of moisture content was not as much about feedstock variation but to identify what 
moisture content the process should target. Jenike does supplement bulk material property measurements 
and engineering analysis with DEM simulations to help identify materials handling solutions, depending 
on the material and client needs. The team is aware of the large amount of existing work on the 
engineering and design of hoppers and silos. Milled biomass has been shown to challenge some of the 
assumptions commonly used in the established approaches. The DEM models used here can now provide 
predictions of flow phenomena that the traditional engineering analysis cannot, such as periodic slugging 
flow. The pyrolysis model makes use of an extensive set of kinetics equations that were left out due to 
space limitations. Please see the response about interactions with the FCIC and the public dissemination 
of the modeling methods. Although we plan to release the modeling methods via journal publications 
and as open-source software, the reviewer observes that the computational resources may limit their 
widespread use. We acknowledge that this is a valid concern. We encourage interested parties to partner 
with NREL or other DOE labs to further develop the modeling methods (if necessary) and perform 
simulations on HPC resources to meet their needs. The trade-offs between representative spherical 
versus glued-sphere particle approaches in the DEM models was partly explored by Lattanzi and Stickel. 
Further evaluation of the two approaches for predicting flow phenomena in a full-scale silo is being 
performed now.  
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IMPROVED BIOMASS FEEDSTOCK MATERIALS HANDLING 
AND FEEDING ENGINEERING DATA SETS, DESIGN 
METHODS, AND MODELING/SIMULATION TOOLS 
Forest Concepts, LLC 

PROJECT DESCRIPTION 
The overarching objective of this project is to 
contribute to the design and operation of reliable, 
cost-effective, continuous feeding of biomass 
feedstocks into a reactor of an IBR.  

The overarching goal comprises two subgoals: (1) 
develop and validate a comprehensive computational 
model to predict mechanical and rheological behavior of biomass flow to enable systematic and reliable design 
of a biomass handling/conveying system, and (2) engineer and improve laboratory protocols and equipment to 
generate property-driven response curves for specific biomass feedstock species and formats accounting for 
their dependence on biomass physical properties (including particle size distribution [PSD], true density, bulk 
density, and moisture content) and external mechanical properties (including temperature and pressure).  

The project team includes Forest Concepts, LLC, Pennsylvania State University, and Amaron Energy, Inc. 
Forest Concepts leads the design and construction of new laboratory methods and equipment. Penn State leads 
the development and adaptation of bulk flow models to the problem of biomass materials and equipment. 
Amaron Energy provides biochar materials and industry perspective.  

New equipment to be developed include a 250-mm cubical triaxial tester (CTT) to provide biomass mechanical 
properties data, a large gas pycnometer to quantify biomass particle density, and other lab devices to ensure 
simulations are populated with biomass-specific data. Biomass materials used in the project include milled 
wood chips and corn stover.  

 

WBS: 3.1.1.002 

Presenter(s): James Dooley 

Project Start Date: 06/01/2018 

Planned Project End Date: 10/31/2021 

Total DOE Funding: $1,849,411 
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Photo courtesy of Forest Concepts, LLC 

COMMENTS 
• This is an excellent project that directly addresses a gap in the current technology and provides a solution 

to the industry as a whole. The presentation would have benefited from the addition of more economic 
analysis. 

• This is an interesting project and a conceptual model of biomass (“cat fur”). Some of the assumptions 
and limitations of the approach are unclear from the presentation and slides. Some good insights are 
derived from the work (e.g., importance of flowability), but, in general, the experimental work and the 
data analysis look to be of higher quality than the modeling work. 

• This is a solid management plan and outreach plan. Amaron Energy seems to appear on the title slide but 
not in the management plan? The new CTT and the plan for its use seem very promising. There is a 
trade-off with more fundamental, particle-based modeling, but it is probably much more practical for 
commercial design and operations. The flow models cover a range of those applied practically in 
multiple industries, and may extend well beyond biomass, or at least beyond to the sort we see in 
biofuels production. 

• The diameter of the biomass selected did not reflect the full size range used in industry (up to 50 mm). It 
is not clear why the project limited itself to the 6-mm biomass size. Many gasification projects utilize 
chips up to 50 mm. Although Forest Concepts is working with the FCIC group, it is not clear if there was 
knowledge sharing between the FCIC and this project despite it being a goal (slide 4) of this project. It is 
unclear what features or attributes of biomass were not covered by existing lab protocols or test devices 
at the start of this project—i.e., it is not clear whether the bulk flow properties of powders apply to 
biomass or whether these properties have proven to be insufficient to characterize biomass flow. The 
project is validating their model at multiple facilities and comparing the results and methods used for the 
validation. This is an excellent approach. It would be good to coordinate the testing limits with others in 
BETO to ensure that the temperature range is relevant to all upfront equipment. There is a concern that 
150°C is not high enough for screw feeders or other equipment connected to high-temperature reactors. 
It was very well explained why the new equipment was selected, how it is used, and what it can provide. 
But it was unclear whether there have been failures in industry that the team can point to for the incorrect 
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measurement of these parameters. I appreciate that risk management was shared. The project appears to 
be task orientated toward resolving risks and challenges in this project. Collaboration with ASTM or 
other protocol-developing bodies is not part of this project. If the methods used are an improvement, then 
these methods can and should become part of a new testing standard. 

• This project is well organized and executed. The approach is especially well thought out and is likely to 
be very impactful. Focusing on developing parameters for current, widely accepted, and widely used 
flow models is an excellent method to enable industry to attack and overcome the well-known biomass 
flow issues. That the team developed a testing apparatus that can measure these properties makes the 
project even more valuable and meritorious. This is an exceptional project and one that should be a 
model for other projects. 

PI RESPONSE TO REVIEWER COMMENTS 
• The project team thanks the Review Panel for their time and thoughtful comments. The focus of our 

proposal and project is to enable the use of existing bulk flow models by quantifying biomass 
mechanical and physical properties across a range of temperatures and pressures typical of feedstock 
handling systems. Unfortunately, existing powder and soil property testers are not scaled for use with 
comminuted biomass feedstocks with particle sizes ranging from 1–30 mm and having the high elasticity 
and plasticity of biomaterials; thus, we focused our efforts on the laboratory devices and protocols to 
characterize milled biomass mechanical properties needed for simulations and models. Known bulk flow 
models were used to validate the utility of the measured properties with typical feedstock materials 
handling equipment. Other projects funded by this same FOA are more focused on model development 
and the simulation of flow within conversion facilities. We developed a CTT to measure stresses and 
strains in three orthogonal directions to overcome a shear cell limitation of only measuring in one 
confined plane. The CTT was scaled to work with the full range of common biomass feedstock 
materials, including fuel chips. The materials chosen for this project are the preferred species and 
particle sizes for ongoing biochemical and thermochemical research funded by DOE BETO. Their use 
leverages prior data sets and provides direct comparison to modeling efforts by the Purdue IBR project. 
The project team fully expects to evaluate a wider range of particle shapes, sizes, and species once this 
proof-of-concept work is complete. The existing CTT device and model development are currently 
focused on moderate temperature (<150°C) and moderate pressure (<350-kPa) flow regimes typical of 
feedstock handling systems. They also fully cover the flow regimes of the biomass infeed and biochar 
outfeed of cooperator Amaron Energy’s fast pyrolysis system, as well as Forest Concepts’ own feedstock 
production equipment. The Forest Concepts prototype CTT is a first-of-a kind device, never before used 
with biomass feedstocks. Data gathered from more than 250 test runs are proving the efficacy of the 
device to produce bulk material parameters needed for flow modeling. The market transformation plan 
anticipates that market prototypes and commercial versions will be appropriately specified and scaled 
based on voice of the customer and appreciative design methods into a family of products that meet the 
needs of various sectors of the emerging bioeconomy. 
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INTEGRATED PROCESS OPTIMIZATION FOR BIOCHEMICAL 
CONVERSION 
University of Arkansas 

PROJECT DESCRIPTION 
The main objective of this research project is to 
develop analytical tools to enable a biorefinery to 
identify an optimal integrated process design that 
ensures a reliable, cost-effective, sustainable, robust, 
and continuous feeding of biomass feedstocks to 
achieve the design throughput of the reactor.  

The analytical models developed include the DEM and the mathematical optimization models. DEM models 
provide functional relationships between biomass characteristics (such as moisture level, density, and PSD) 
and biomass behavior (such as flowability, size reduction, and failure) in processing equipment. Specifically, 
bonded-sphere DEM models are developed and validated. DEM-based regression functions are then developed 
for predicting bulk density (used to quantify flowability and calculate the limits of the equipment capacity) and 
size reduction, which are needed by the mathematical model. The mathematical model takes a systems view of 
the processes to identify (1) optimal process parameters to ensure a continuous flow of biomass to the reactor; 
(2) optimal buffer location and size to optimize costs, equipment utilization, and throughput; and (3) 
blendstocks that ensure system requirements are met in the face of biomass quality variations.  

Experimental and numerical analysis motivated the proposed changes to the current approach of controlling 
the process. The proposed process control: (1) sequences bales based on moisture level; (2) incorporates 
additional storage in the system; (3) drives the infeed of bales in the system based on inventory level and target 
rate of the reactor; and (4) uses different feedstocks to meet the process requirements with respect to ash and 
carbohydrate contents.  

A systematic and quantitative evaluation of DEM performance against analytical, empirical, and experimental 
results/data at the particle, lab, and PDU scales have shown that the model can accurately predict biomass 
particle behavior in the proposed process and meet the criteria set in the go/no-go decision points. For the 
mathematical optimization models, we conducted an extensive numerical analysis using historical data from 
the PDU at INL. These results indicate that (1) the proposed system control leads to a 7.5% reduction in the 
unit cost and processing time of biomass compared to basic control; (2) short sequences of bales, created based 
on moisture level, lead to reductions in processing time and cost; and (3) blending biomass allows the system 
to meet process requirements at all times.  

Analytical results from the models will be validated at a PDU at 1 dry ton/hour for 2 weeks. This technology 
will be tested on corn stover, switchgrass, and miscanthus. The analytical models will be integrated into an 
alpha version of a cloud-based decision support system (DSS), which will be available on the web and free of 
charge. This DSS will serve as a training tool for bioenergy stakeholders (industry practitioners, government, 
academia, etc.). 

WBS: 3.1.1.003 

Presenter(s): Sandra Eksioglu 

Project Start Date: 04/01/2018 

Planned Project End Date: 03/31/2021 

Total DOE Funding: $1,999,999 
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Photo courtesy of University of Arkansas 

COMMENTS 
• This is an interesting project looking at bale feeding and sequencing options. The stochastic modeling 

approach looks to be the right way to go, after the deterministic model has been fully validated. There 
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are some questions on how different but similar bales (old versus new, wet versus dry) should be 
addressed and identified. 

• The management plan seems a bit superficial for five organizations in four or five different states, 
universities, and labs. The industry bale sequencing seems very unlikely to be feasible in a typical 
biorefinery, and it is, in effect, transferring quality control responsibility to the receiving party 
(“customer”), which is exactly what we are taught is the wrong approach in quality assurance. The 
supplier should be responsible for quality control, even if the supplier is simply another functional group 
in the same organization. Given the pace at which material will arrive and be temporarily stored and 
processed, it seems unlikely that this sort of automated selection process can work. A 1,000-ton-per-day 
biorefinery will receive 25–50 semitrucks/day, 24/365, and just the geometry of stacking, testing, and 
moving the bales to the feeder will be hectic enough without on-the-run quality control and sorting. 
There simply is not an indication that this will be practical in the real world. 

• The project appears to have met its initial goals with respect to the DEM model. This will be especially 
useful. The jump from the DEM model to the analytical model seems huge. It is unclear how they are 
connected. Is the information developed with DEM even used in the analytical model? A better 
connection should be shown. In fact, the analytical model said that lack of data was a big hurdle in the 
analytical modeling. Why wouldn’t the DEM be used to aid the second stage of modeling, or was it? 
With respect to the analytical model, it is unclear if the project will have a significant impact due to 
issues with scaling up. Right now, the only scale-up goals with the project are to the pilot plant level, but 
that will not be sufficient. The need to move large amounts of baled feedstocks in a large biorefinery is a 
significant issue and will not be addressed. Although the researchers point out that technologies such as 
radio frequency identification (RFID) are used in consumer industries, such as Amazon, it is unclear 
whether they will really be transferrable and/or sufficient. The potential logistical issues need 
considerable thought and attention. It is not even clear how the “blending” will occur. The management 
plan was not very well developed and could be expanded. No project risks were identified, and there is 
little, if any, collaboration with industry representatives. It looks to be siloed within the research 
community. On the positive side, I like that they are using different types of baled feedstocks, and it 
appears that they have shown that water content is the most important factor to control to ensure 
reasonable process performance; however, this conclusion should be more prominent, and, as noted, 
some discussion of logistics should be included. 

• The project seems very focused with limited applicability. The bale sequencing concept, although good 
in theory, seems very impractical to apply at scale. As with several of the biomass properties models 
projects, it seems focused on macrophysical properties and considers neither chemistry nor 
microphysical properties, such as fibrils, that can impact flowability. 

• It is unclear what validation testing has been done so far. Short-term reliability testing should not be 
confused with understanding the long-term reliability, which is what is put into pro forma modeling (or 
should be). Long-term reliability testing is needed as well. It is not clear if the model differentiates 
between intrinsic and extrinsic ash. Other FCIC studies have shown this difference to be critical in 
modeling reliability. There is an opportunity here to compare the bonded-sphere model against other 
models in the development elsewhere at BETO. It is unclear if this project is collaborating with other 
projects within the FCIC or BETO. Bale sequencing at a large scale appears to be an impractical 
methodology for a large facility. Other projects have demonstrated the necessity of multiple feedstock 
attributes to determine bulk flow. It is not clear what attributes are being modeled in this project and 
whether these are sufficient. It is unclear why the project believed there to be a lack of data for corn 
stover or biomass feed handling. Numerous projects have utilized the same feedstocks on DOE-funded 
projects. It is unclear which data they believed to be missing from the historical data set and whether the 
data could have been obtained by speaking with those other PIs. It is not clear what feedstocks are being 
studied—miscanthus, corn stover, and switchgrass are all mentioned in the presentation. It is not clear 
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what problem or project motivated the combination of these feedstocks. It is not clear whether other 
factors are included in the model, such as ash content, carbohydrate content, pressure, and ambient 
temperature. Validation is planned for budget period three, but the overall validation plan (duration, etc.) 
was not available at this time. The project recognized the need for data at this stage; however, to develop 
models, it would be better if some validation testing were planned simultaneously with the ongoing 
modeling effort. 

PI RESPONSE TO REVIEWER COMMENTS 
• The research team thanks the reviewers for evaluating our project and the feedback provided. We have 

read and addressed the issues identified to the best of our abilities. This is the approach we followed in 
preparing this response. We have prepared three separate documents. First, we prepared this current 
document, which summarizes our answers to questions you asked. We try to keep our answers focused. 
Second, we prepared a data summary document, which summarizes the data we use. Third, we compiled 
two journal papers.  

• Thank you for reviewing our project and for your feedback. The data we are provided with focus on 
moisture level of biomass feedstock, carbohydrate, and ash content. We do not have specific data about 
how long each bale has been stored. It is assumed that biomass is harvested and collected in the current 
season. 

• Thank you for reviewing our project and for your feedback. Below, we summarize our response.  

Data used: The data sets we use are presented in the supplementary document attached to this report. 
Here, we list only the sets of data utilized in this study: historical, technical, process-related data for 
switchgrass. These data are collected at the PDU at INL. These data are grouped based on the moisture 
level (low, medium, and high) of biomass and equipment (e.g., grinder, pelleting, separation unit). The 
data consist of energy consumption, in-feed rate, density, etc.  

Data utilized for the TEA: These data are collected at INL’s PDU and consist of purchasing cost, 
operation cost, energy consumption, and maximum operating capacity of equipment (grinders, 
conveyors, etc.). Energy consumption is grouped based on the moisture level of biomass.  

Biomass characteristics: These data are collected at DuPont and a report prepared by researchers 
affiliated with the SunGrant Initiative and INL. The DuPont data present carbohydrate and ash contents 
of corn stover two-pass and corn stover three-pass. These data are collected via sampling during the 
2014 and 2015 harvesting seasons. The data from the SunGrant Initiative and INL present the 
distribution of ash and carbohydrate content of a number of feedstocks, including switchgrass and 
miscanthus. 

Visual description of equipment: We provide technical drawings, pictures, and dimensions of equipment 
in the PDU. This equipment is modeled in our analytical models.  

Data utilized in the DEM: We provide the data utilized in the DEM model, such as the physical and 
mechanical characteristics of switchgrass, the results of the compression tests, density, and PSD.  

Challenges with data collection: The following were some of the challenges we faced with data 
collection. We will explain the role of these data in refining the models we propose.  

o Equipment clogging: Equipment clogging is a function of many parameters (e.g., moisture level, 
ash content, PSD, equipment setting). Recording these data for different scenarios is challenging 
and requires additional efforts. For example, processing high-moisture bales for a prolonged 
amount of time and at a high infeed rate leads to clogging of grinders; however, the PDU operator, 
aware of this effect, adjusts the infeed rate of the equipment and controls the moisture level of the 
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bales processed to reduce the chances of equipment clogging. Thus, we have only sporadic data, 
which is not enough to derive a model that describes these relationships. Additionally, were we to 
have data from a full-scale plant that operated 8 hours/day and every day of the week, we could 
collect data about equipment clogging to evaluate what other factors impact clogging.  

o Lack of data related to miscanthus: There are no historical data at INL’s PDU related to the 
processing of miscanthus. The models we propose are developed for and validated by using data 
from the PDU; thus, we have no technical and process-related data for miscanthus.  

o Unit level-specific data that are needed for modeling: Let us give an example here. We wanted to 
model the relationship among equipment settings (e.g., infeed rate of the system, screen size, 
rotational speed of grinders) and PSD. To accomplish this, one should be testing the system (the 
PDU) using different combinations of infeed rate, screen size, etc. These data were not available at 
INL. DEM modeling needs mechanical characterization data to validate models; however, these 
data are scarce. Thus, there is a need for high-quality characterization tests, which are expensive.  

Testing and validation: Our model validation process consists of two parts: (1) initially, we validate the 
performance of each equipment, and (2) next, we validate system-level performance. The focus of 
budget period one is on the development and validation of the DEM model. These are unit-level models. 
This validation was completed in budget period one. We presented the results in the first go/no-go 
review presentation. Our team met the budget period one go/no-go criteria. The focus of budget period 
two is on the development of the process control optimization model. This is a system-level model, 
which takes as inputs the unit-level equipment performances under a variety of process conditions. So 
far, the data utilized for the development of the process control model are validated at the individual 
equipment level (based on budget period one tasks); however, the system-level performance of the 
modeling results is not validated yet and will be part of the budget period three efforts.  

The following summarizes the testing that has been conducted or is planned to be conducted soon. At the 
end of this document, we provide details about the tests we have conducted during budget period one and 
budget period two.  

o Unit-level, short-term testing: We conducted 10 tests at INL’s PDU during 2019 and 2020. These 
tests were used to collect data about (1) the bulk and tap density of biomass in bale format and 
after grinding and for different moisture contents, (2) the impact of screen size and moisture level 
on equipment clogging (SC-4 and DC-6), (3) the impact of screen size on pelleting, and (4) the 
impact of mill processing speed and moisture level on density.  

o Long-term, system-level testing scheduled for June 2021: A total of 77 bales of corn stover, 44 
bales of switchgrass, and 33 bales of miscanthus will be delivered to INL for processing. This 
amount of biomass will be processed within 80 hours at a rate of 1 ton/hour. The models developed 
will guide the processing of biomass. The data will be analyzed, and updates will be devised for 
processing of the next batch in July 2021.  

o Long-term, system-level testing scheduled for July 2021: A total of 77 bales of corn stover, 44 
bales of switchgrass, and 33 bales miscanthus will be delivered to INL for processing. This amount 
of biomass will be processed within 80 hours at a rate of 1 ton/hour. 

Feedstock used: 

o DEM model: The model is developed and tested using switchgrass. This is mainly due to the 
availability of data about switchgrass at INL.  
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o Process optimization model: The model is developed for switchgrass. We selected switchgrass 
because of the available data collected at INL. To develop this model, we used the technical, 
process, and cost-related data collected at INL.  

o Biomass blending model: The model is developed using data about corn stover two-pass, corn-
stover three-pass, miscanthus, and switchgrass. Above, we explain the data sources used for the 
biomass characteristics. In this model, we needed technical and process-related data about every 
feedstock; however, because we do not have such data for other feedstocks besides switchgrass, we 
assume the same technical and process-related data for corn stover two-pass, corn-stover three-
pass, and miscanthus.  

Modeling approach: In the proposed models, we consider only total ash content. The composition of ash 
(e.g., impact of intrinsic and extrinsic ash) is not within the scope of this research. The definition of the 
reliability of our model is “the probability that the system maintains a continuous feeding of the reactor 
to achieve 90% of the reactor’s designed throughput.” As such, the aim of this project is to address long-
term reliability issues. Via our numerical analysis, we show how this can be achieved via careful 
planning of upstream equipment operations. As part of the statement of project objectives (SOPO), one 
of our tasks is to demonstrate a representative scenario (obtained from the modeling results) of a long-
term reliability scenario. Via our numerical analysis, we show that the model can achieve a continuous 
feeding of the reactor. Details of this model and the results are presented in the manuscript that we are 
submitting with this document (Liu et al.). 

Bale sequencing: Because most reviewers questioned the practicality of the bale sequencing, our answer 
to their questions is summarized at the end of this document to avoid repetition. 

On the bonded-sphere model and collaboration: The bonded-sphere particle model used for the pilot-
scale unit operation simulations in this project was adopted from the FCIC. The bonded-sphere particle 
model was first adapted to simulate fractured pine particles by an FCIC researcher (Dr. Xia of INL, also 
a co-PI of this project) and published in “Discrete element modeling of deformable pinewood chips in 
cyclic loading test” (Powder Technology) and later adopted by this project to simulate switchgrass 
particles and published in “Discrete element modeling of switchgrass particles under compression and 
rotational shear” (Biomass & Bioenergy). The pros and cons of the bonded-sphere particle model, as well 
as some other more advanced particle shape models, are discussed in the journal article published by 
FCIC researchers in “A review of computational models for the flow of milled biomass I: Discrete-
particle models” (ACS Sustainable Chemistry & Engineering). The project co-PI, Dr. Chen of Clemson 
University, maintains routine communications with the FCIC and adapts the suitable FCIC modeling 
techniques for deployment in pilot-scale unit operation simulations. The developed bonded-sphere model 
is publicly available in the open-source code LIGGGHTS-INL, managed by INL co-PI Dr. Xia and 
hosted on the GitHub repository (https://github.com/idaholab/LIGGGHTS-INL), so other researchers 
can access and evaluate this model. The references to our published papers are also included in the 
repository.  

Thank you for reviewing our project and for your feedback. In the following, we summarize our 
response.  

How the DEM and analytical models are connected: The two models are connected in two ways. The 
data collected via simulations of the DEM model are used to develop a regression function that 
calculates the bulk density of biomass as a function of moisture level and PSD (quantified using size 
parameters D50, D90, and D10). The model is developed for predicting the bulk densities for cave-in-
rock switchgrass after a grinder. The model also develops regression functions for cultivar. Another set 
of regression models for predicting bulk densities for switchgrass after a grinder is as follows: Biomass 
density is used to calculate the mass and volume of biomass in the system. This impacts the amount of 
biomass flowing in the system and the amount of biomass stored in the metering bin. Let Xt be the 

https://github.com/idaholab/LIGGGHTS-INL
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amount of biomass (tons) fed into the system in period t. Let Vt be the infeed rate (speed of the conveyor 
belt in m/min). Let ?t be the mass of biomass per meter of conveyor belt. This value is impacted by the 
dimensions of the bale and by the density of the bale; thus, we calculate ?t using the regression functions 
above. In the optimization model, we have: Xt ≤  ?t Vt. This equation determines the maximum amount 
of biomass fed into the system in every time period. This amount is impacted by biomass density. 
Biomass density changes after grinder 1 and 2. Changes in density impact the volume that the product 
takes. The equipment has volumetric capacities. We calculate this capacity using the dimensions of the 
equipment and the biomass density; thus, in the analytical models, we ensure that biomass flow (Xt) in 
each equipment does not surpass this volumetric capacity as density changes. 

Biomass density and flowability are affected by particle sizes, and grinder 1 and grinder 2 are the two 
main locations in the proposed system where particle size changes. DEM models will provide the output 
PSDs as a function of input particle size and grinder setting (grinding speed and screen size). These 
regression models will be used to estimate the volumetric capacity of the equipment (which is a function 
of particle size and density) in the analytical models. The following figure shows the simulation results 
of grinder 2. The rightmost figure shows the output PSD after grinder 2. (The figure is not included here; 
see the submitted document.)  

The use of DEM in the second stage of modeling: Our response to Reviewer 2 lists the data we have and 
the data we are missing. We have also attached a document that summarizes the data we used in this 
study. We would like to point out that we are missing some unit-level specific data that we could have 
potentially used to refine our analytical model. Let us give an example: We wanted to model the 
relationship among equipment setting (e.g., infeed rate of the system, screen size, rotational speed of the 
grinders) and PSD. To accomplish this, one should be testing the system (the PDU) using different 
combinations of infeed rate, screen size, etc. These data were not available at INL. A natural question is: 
Why not use DEM models to generate these data? Unfortunately, we could not do that because to build a 
DEM model, verify, and validate this model, one needs data. For example, let us say that we have a few 
data points that tell us how the infeed rate of 1, 2, and 3 tons/hour and the processing speed of grinders 1, 
2, and 3 tons/hour impacts the distribution of the biomass particle size. You can use these data to build a 
DEM model that simulates the relationship between infeed rate, the processing speed of the grinder, and 
particle size. This DEM model works well when the infeed rate and processing speed are within 1 and 3 
tons/hour. The DEM model will not work for data outside this range. To summarize: We believe that the 
work we have conducted is online with what we had planned with respect to the DEM and analytical 
models. The truth is, during our research, we identified some excellent extensions of our models, which 
we would have liked to spend more time on. Were we to have detailed unit-level data, we believe we 
would have accomplished much more. 

Practical challenges with moving large numbers of bales in a large biorefinery: The team researched 
automated materials handling systems. We found two companies that make automated materials 
handling systems that are currently used in biorefineries. This system allows biorefineries to handle up to 
105 bales/hour. Details about the equipment manufacturers and the bioenergy manufacturers can be 
found at the end of this document under the section “Bale Sequencing.” To summarize, the research team 
believes that the technology exists for (1) collecting data about biomass characteristics via RFID 
technology, (2) collecting data about the current status of the moisture level via sensors, and (3) 
sorting/feeding large numbers of bales of a particular moisture level via multiple feeding lines.  

The use of RFIDs in the bioenergy industry: The team researched the use of RFIDs in the bioenergy 
sector. Based on this research, RFID technology is currently used by the European bioenergy sector. 
Work presents the design for a low-cost, miniaturized, chipless RFID tag for short-range biomass 
tracking and monitoring. An article published in ArgiTech Tomorrow talks about the use of RFIDs in the 
agriculture system. The article states, “Bales of hay can be tagged, capturing the date harvested, the field 
where it was harvested, the temperature, weight, moisture level and the nutritional information to be 
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captured and stored. RFID has many potentials that busy farmers are seeking.” Equipment can read 
RFID cards in incoming bales. Processbio is the company that produces this equipment. Please read our 
section about “Bale Sequencing” at the end of this document to see how this equipment and other 
equipment produced by Processbio are used at Sleaford Renewable Energy Plant in the United Kingdom.  

How will the blending occur? We expect that processed biomass of a particular biomass type will be 
stored in dedicated bins. A mix of processed biomass will be fed into the reactor in every time period to 
ensure that the blend meets the biochemical conversion specifications as designed by NREL. These 
specifications are a total structural carbohydrate of 59.1%, 5% ash content, and a moisture content of 
20%. The models we propose capture these requirements.  

Management plan: The PI and co-PIs of this project meet every other week. During these meetings, we 
discuss the progress of the work of different tasks. Task-specific teams meet weekly to discuss the 
progress of work. The team communicates regularly via email. The team met in person two times, both 
at INL. Two postdoctoral students have spent extensive periods of time (more than 6 months each) at 
INL, Clemson University, and the University of Arkansas. This has helped in collecting data, developing 
models, and writing papers. 

Project risks: The main risk we faced relates to data collection (as outlined in our response to Reviewer 
3). 

Collaboration with industry: The project team is working very closely with researchers and the PDU 
operators at INL. The research team has been in conference calls and face-to-face meetings and has 
exchanged numerous emails with the INL team. The project team has also identified an advisory board 
consisting of Dan Burciaga, Steve Hartig, and Glenn Farris. Members of the advisory board have 
attended conference calls with the team and the DOE program manager. The team has discussed the 
models developed and the practicality of these models with the advisory board. Dan Burciaga leads the 
ThermoChem Recovery International (TRI) commercialization and technology development. He has 
expanded its scope to biopower and biorefineries with a focus on integrated facilities for optimum 
economic performance. He has more than 30 years of experience in technology development, 
engineering services, operations, and construction. Steve Hartig is an advisor consultant at Hartig and 
Associates. He has broad experience across biofuels, specialty materials, polymers, chemicals, and in 
multiple industries, including the industrial, automotive, electronic, biomedical, and coatings fields. 
Glenn Farris is the director of product strategy for the North America branch of AGCO Corporation. He 
spent more than 25 years in project development as well as developing, advising, and commercializing 
new technology in the biomass energy field. Budget period three will focus on developing a market 
analysis of the technology developed. Mr. Ritcher of Matera, Inc., a co-PI, will lead this effort. 
Observations will be synthesized in a market reception report with recommendations on areas of concern 
or additional risk identified by the research efforts. This report will propose characteristics to 
homogenize for multiple process classes that are cost-effective and applicable to multiple technologies.  

• Thank you for your input.  

Management plan: The research team includes five organizations, each leading different, unique, and 
well-defined tasks. The University of Arkansas is leading the development of the analytical models. 
Clemson University is leading the DEM model. The Clemson University co-PI has a laboratory that is 
equipped with characterization and mechanical testing for the materials of interest in this project. The 
University of Texas at San Antonio (UTSA) will be leading the development of an online DSS to 
disseminate the models developed. The UTSA co-PI has access to the UTSA Center for Simulation, 
Visualization, and Real Time Prediction, a facility that will be used to perform the simulations and 
visualizations of real problem instances. The cloud computing infrastructure in the UTSA Open Cloud 
Institute will be used to support the development of the DSS. Matera is leading the commercialization 
efforts. INL will be leading our model validation via the PDU and is providing historical data from the 
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PDU. The co-PIs are experts in the corresponding field of study. The expertise that each brings in this 
work is unique. Notice that the PI was a faculty member at the University of Clemson but recently 
moved to the University of Arkansas. Three of the co-PIs on this research team (the University of 
Arkansas, UTSA, and INL) have worked together for many years on a number of projects and research 
papers. The team meets regularly two times per month via Webex. The co-PIs have visited INL two 
times to discuss the progress of this project. Two postdoctoral students have spent extended periods of 
time at INL, Clemson University, and the University of Arkansas. In summary, each organization is 
leading unique efforts. The scope of our system modeling is broad, and to achieve meaningful outcomes, 
we need to use experts from different fields. This work cannot be accomplished only by experts of 
analytical modeling and without help from experts in DEM modeling. INL will enable testing and 
validating the models at large scale. UTSA, via its Open Cloud Institute, will provide companies with 
access to the tools we have developed. Matera will contribute to developing our commercialization plan. 

Practicality of bale sequencing: We understand the concern posed by this reviewer. In the section titled 
“Bale Sequencing,” we address these concerns by summarizing the current practices in two power plants 
in Europe. For example, the materials handling systems of Sleaford Renewable Energy Plant in the 
United Kingdom facilitates the processing of 105 bales/hour. Given the information we have collected, 
we believe that there is a possibility to make sequencing practical by (1) standardizing the bale format, 
(2) using RFID systems to record and read information about bales from the point of harvest to storage at 
a biorefinery, (3) sensing and real-time monitoring of biomass attributes, (4) using automated process 
control, and (5) using automated bale handling systems. In the section about bale sequencing, we 
summarize the existing technology that can be used to make sequencing practical. We invite this 
reviewer to watch the two videos listed in the references that show how these systems work in practice. 

• Thank you for your comments.  

The focus of this project: The reviewer makes a good point that the data we have collected and used for 
testing and validation did come from INL’s PDU. As a result, one can question its applicability; 
however, we focused on the PDU because it provided us with historical data about its operations (at the 
unit and system level), which we could not have obtained from other sources. Because our system model 
integrates unit-level with system-level operations, it is very important that there is consistency in the data 
we used and the models we built; however, the models we developed can easily be used by other 
companies to model their system-level operations. Further, the lessons we have learned by using our 
models can positively impact the practice. For example, we document the role of sequencing on the 
system’s performance. In our journal paper, we summarize a number of simple rules for sequencing 
bales that practitioners can use to improve processes.  

Practicality of bale sequencing: We understand the concern posed by this reviewer. In the section titled 
“Bale Sequencing,” we address these concerns by summarizing current practices in Europe. Given the 
information we have collected, we believe that there is a possibility to make sequencing practical by (1) 
standardizing the bale format, (2) using RFID systems to record and read information about bales from 
the point of harvest to storage at a biorefinery, (3) sensing and real-time monitoring of biomass 
attributes, (4) using automated process control, and (5) using automated bale handling systems. In the 
section about bale sequencing, we summarize the existing technology that can be used to make 
sequencing practical. 

Capturing the chemistry and microphysical properties of biomass: The focus of our research is to use 
DEM models and analytical models to improve the system’s performance. Unfortunately, the chemistry 
of biomass cannot be directly modeled via DEM models; however, if there were to exist data quantifying 
how chemistry changes the flowability, this may be considered implicitly in the model, i.e., by 
introducing an empirical model parameter that links some chemistry property to mechanical property. 
But, fundamentally, DEMs are not designed to account for chemistry property. The analytical models 
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proposed are mathematical models of the system. These models capture relationships among equipment, 
inventory, and the amount of biomass flowing in the system. If we were to have data that demonstrate 
how the chemistry of biomass impacts the performance of equipment and the flow of biomass, we could 
incorporate those in the model; however, such data were not available to the team. (This addresses the 
comments on sequencing; we submitted a document that has figures that will help the reviewers 
understand our comments.)  

Bale sequencing: The reviewers point out the impracticality of bale sequencing at a large scale. The team 
appreciates the comment and understands this reviewer’s concerns. The team researched existing bale 
handling systems, and the following paragraph summarizes what the team found. A number of 
companies in the bioenergy sector in Europe are using automated bale handling systems. For example, 
Processbio, a Danish equipment manufacturer, has manufactured conveyors and robotic cranes to handle 
bales. Qubiqa, another European company located in Denmark and Poland, has produced automated 
materials handling equipment. Figure 1 [not pictured] presents some of the materials handling equipment 
produced by Processbio.  

o The video demonstrates how the Processbio automated handling system is being used by the 
Sleaford Renewable Energy Plant in the United Kingdom. The automated system facilitates the 
processing of 105 bales/hour in this facility. Below, we summarize the content of this video. 
“Biomass registration” registers the incoming bales using RFID cards. Cranes are used to unload 
the trucks and simultaneously move a number of bales to conveyors within the facility. Notice the 
sensors that are attached to the robotic cranes. These sensors are used to measure the weight and 
moisture level of each bale as the bales are picked up from storage to be delivered to the 
processing lanes. Multiple processing lines are used to feed the burners.  

o Automated bale handling system at Sleaford Power Plant in the United Kingdom. Figure 1: 
Automated bale handling equipment by Processbio. (The figure is not included here; see the 
submitted document.) Automated bale handling equipment manufactured by Qubiqa. (The figure is 
not included here; see the submitted document.) Automated bale handling equipment manufactured 
by Qubiqa. (The figure is not included here; see the submitted document.) Bales are unloaded from 
trucks via automated cranes at BWSC Biomass Renewable Energy Plant. (The figure is not 
included here; see the submitted document.) Bales are moved to/from storage via automated cranes 
at the BWSC biomass renewable energy plant. (The figure is not included here; see the submitted 
document.) Bales are fed to the reactors via multiple lines.  

Figure 2: Automated bale handling equipment by Qubiqa. Video demonstrates how Qubiqa’s 
automated materials handling system is used by the BWSC biomass renewable energy plant in 
Snetterton, United Kingdom. Notice the sensors in the cranes that measure weight and moisture 
level. We believe that such a system facilitates (1) collection of data about biomass characteristics 
via RFID technology, (2) collection of data about the current status of the moisture level via 
sensors, and (3) sorting/feeding of bales of a particular moisture level via multiple feeding lines. In 
summary, we believe that such a system has the capability to make use of the models we propose.  
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Summary of PDU tests conducted so far:  

o 2019-07-17 PDU test: Seven switchgrass bales were tested on this day. There were five low-
moisture bales (5%–15%), one medium (15%–25%), and one high-moisture (25%–35%) bale. 
Bulk density tests were done on these bales to get the loose and tapped bulk densities. Sieve 
analysis was done to get the PSD of the bales. A moisture content determination test was also done 
to get the moisture contents of the bales. All these tests were conducted on materials taken after 
grinder 1 and after grinder 2, and three samples were tested for each bale. The screen size for 
grinder 1 is 3 inches, and grinder 2 is ¼ inch. These tests were done to get the information on the 
biomass characteristics.  

o 2019-08-08 PDU test: Five switchgrass bales were tested on this day. Four bales were low-
moisture bales (5%–15%), and one bale at 25%. A moisture content determination test was done to 
get the moisture content of the bales both after grinder 1 and after grinder 2, and three samples 
were tested for each bale. The screen size for grinder 1 is 3 inches, and grinder 2 is ¼ inch. One 
bale processing could not be finished on this day; instead, it was processed on August 14, 2019.  

o 2019-08-14 PDU test: Four switchgrass bales were tested on this day. There were three low-
moisture bales (5%–15%) and one bale at 25%. A moisture content determination test was done to 
get the moisture contents of the bale both after grinder 1 and after grinder 2, and three samples 
were tested for each bale. The screen size for grinder 1 is 3 inches, and grinder 2 is 1 inch. One 
bale processing could not be finished on this day, so it was carried forward to August 15, 2019.  

o 2019-08-15 PDU test: Three switchgrass bales were tested on this day. There were three high-
moisture bales (25%–35%). A moisture content determination test was done to get the moisture 
contents of the bales. Tests were done both after grinder 1 and after grinder 2, and three samples 
were tested for each bale. The screen size for grinder 1 is 3 inches, and grinder 2 is 1 inch. All 
these August 2019 tests were done on bales at various moistures and screen sizes to look at failure 
in SC-4 and in the DC-6 transition to the hammer mill.  

o 2020-03-16 PDU test: One switchgrass bale was milled. The screen size for grinder 1 is 3 inches, 
and grinder 2 is 7/16 inch. Then pelleting was done at 9 l/d die. This test was run to test whether 
the PDU is working properly.  

o 2020-06-15 and 2020-06-26 PDU test: Eight low-moisture bales were processed on June 15, 2020, 
and one low-moisture bale was processed on June 26, 2020. All nine bales could not be processed 
on a single run because the metering bin was full, and the materials inside it had to be discharged. 
Pelleting was first attempted at INL, but it was unsuccessful. The material was too dry, and 
particles were larger. The material was carried to GreenGold mill, and pelleting was attempted 
again. While pelleting, it plugged both the INL pellet mill and the GreenGold mill. Pelleting could 
not be done at GreenGold either (except for a small amount of produced pellets, approximately 1 
dry ton), and the materials had to be discarded. While pelleting at INL, different infeed rates (3.5 
Hz and 17 Hz) were tried. The pellet mill motor was set at 60 Hz. Steam was also added at 
different levels. Different settings were tested, but none generated good-quality pellets.  

o 2020-07-09 PDU test: Nine switchgrass bales were tested. All were medium-moisture bales. Three 
different mill speeds (40 Hz, 50 Hz, 60 Hz) and three different infeed rates (2 Hz, 3 Hz, 4 Hz, 
approximately 2 dry tons/hour, 3 dry tons/hour, 4 dry tons/hour, respectively). The screen size of 
grinder 1 is 3 inches, and grinder 2 is ¼ inch. Bulk density, sieve analysis, and moisture content 
determination tests were also done. Pelleting of the material was conducted on July 14, 2020, at 
GreenGold.  
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o 2020-07-23 PDU test: Nine switchgrass bales were tested at varying mill speeds (40 Hz, 50 Hz, 60 
Hz) and feed rates (2 Hz, 3 Hz, 4 Hz). The stage 1 grinder is set at 3 inches, and the stage 2 grinder 
is set at ¼ inch. Bulk density, sieve analysis, and moisture content determination tests were also 
done. The material was pelleted at GreenGold.  

o 2020-08-24 PDU test: Nine bales of switchgrass were tested of high moisture at 25% with a 3-inch 
screen in the Vermeer. The stage 1 grinder is set at 3 inches, and the stage 2 grinder is set at ¼ 
inch. The run was cancelled because the bales were too wet.  

o 2020-08-31 PDU test: Nine bales of switchgrass were tested of high moisture at 25% with a 3-inch 
screen in the Vermeer. The stage 1 grinder is set at 3 inches, and the stage 2 grinder is set at ¼ 
inch. Three different mill speeds (40 Hz, 50 Hz, 60 Hz) and three different infeed rates (2 Hz, 3 
Hz, 4 Hz) were used. Bulk density, sieve analysis, and moisture content determination tests were 
also done. 
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ANALYTICAL MODELING OF BIOMASS TRANSPORT AND 
FEEDING SYSTEMS 
Purdue University 

PROJECT DESCRIPTION 
The movement of lignocellulosic biomass solids 
between and within unit operations of a biorefinery 
remains a challenge due to the difficult materials 
handling characteristics of solid forms of biomass 
materials and aqueous slurries formed in a 
biorefinery. The purpose of this project is to (1) 
develop strong and innovative computational models 
that rigorously represent the flow performance of biomass materials during biomass preprocessing, (2) verify 
models in cooperation with INL, and (3) support technology development and engineering solutions that 
economically and sustainably overcome critical barriers associated with solids handling in biorefineries. The 
near-term impact will be validated models that predict flow behavior during feeding and that define critical 
operating ranges. This will provide a quantitative basis for new equipment designs for U.S. industry relevant to 
addressing operational reliability issues experienced by DOE-supported pioneer biorefineries. A major 
impediment to reliable biorefinery operation is moving solids from one unit operation to another without 
plugging. Anticipated outcomes are usable, scientifically based computational tools for process analysis that 
simplify process design, enhance operational reliability, reduce CapEx and operating expenditures (OpEx), and 
support BETO’s mission and the MYPP goals. 

 

COMMENTS 
• This is a good blend of computational and empirical models, with good industry contact. It is unclear 

whether there are any communications/interactions with the FCIC. It is also unclear why there is the 
pivot to the liquefaction of feed; it is a good approach to solving the reactor feeding issue, but could the 
general concept have been tested/modeled simply by creating a biomass/water slurry? 

WBS: 3.1.1.005 

Presenter(s): Michael Ladisch 

Project Start Date: 03/01/2018 

Planned Project End Date: 02/28/2021 

Total DOE Funding: $2,319,822 
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• This is an interesting project looking to analyze biomass feeding and transport methodologies from a 
very broad perspective. The purpose and goals of the project’s work (the “analysis”) are quite unclear, 
although the work looks to be of high technical quality. For example, it is quite unclear whether some of 
the modeling for the processing units is meant for predictive purposes or for process modeling. 

• The management plan as presented is not adequate for a project with six collaborators. The title slide 
does not mention the lead (Purdue), the project management slide does not mention Pennsylvania State, 
and it is really just an organizational chart and a list of scheduled meetings. The approach looks solid, 
and the connection of modeling with data acquisition in realistic equipment at INL is important. The INL 
PDU is probably the only way many projects like this could be done. There has been substantial progress 
on both the modeling and the experiment, which is in line with the expectations and the funding costed 
to date. The design of experiment on three pathways to stover liquefaction was a nice touch. 

• Other than the project makeup, the presentation did not go into any management aspects, including 
collaboration with other parties or risks. The equipment has been modeled previously in similar ways. 
The presentation did not provide an adequate description of how their modeling effort differed from 
previous attempts and what they intended to learn from the model that had not been otherwise validated. 
Maleic acid production does not seem to line up with the stated project objectives. The economic 
advantage or the cost of maleic acid production was not made clear. Although the project discussed in 
the question-and-answer period how they arrived at the root cause of the maleic acid production, the 
overall inclusion in this project remains unclear at this time. It appears to be a tangent to the project 
objectives, which could result in slowing down the overall progress of the project. The scope of the 
modeling effort covered both pre-reaction and reactor unit operations. These have vastly different 
kinetics at work, which impact the required complexity of the model. The initial torque measured on the 
65% moisture content sheared versus pelleted showed opposite behaviors in the first 60 seconds. It is 
unclear if this was matched by the model predictions. 

• The complex and overarching project is making excellent progress on meeting its goals. The decision to 
go to a pelleted feedstock appears to be a very good one, but it should have been better explained within 
the presentation, and some type of analysis on the trade-offs should have been done. The impact of this 
project should be very good, but it is not clear if this will be the case due to the narrow process 
definition. It is good that these were developed with the labs and academia and not a single proprietary 
process. How broadly can these results be disseminated? This would have been a great addition to the 
presentation—some idea of the generalization of the results. The management plan presented was 
average, but it appears that it must be working due to their results. 

 PI RESPONSE TO REVIEWER COMMENTS 
• We have invited representatives of the FCIC to join the stakeholder meeting, which will also include 

others, to share our results and to discuss what other data might be needed in addition to what we have 
obtained with this project and what may be available from the FCIC. Until this point, for the 
compression feed screw modeling effort, our FEM model requires (modified) Drucker-Prager cap 
parameters for corn stover, which are not in the FCIC database. The liquefaction experiments support the 
compression screw and upstream solids handling as an analytical method rather than a process 
development effort for this project. One parameter that must be addressed (or verified) is that the 
material that has been processed at the front end results in a material form that is readily processed into 
solid slurries up to 300 g/L.  

• We understand the reviewer’s comment, and we appreciate the suggestions. This is actually a modeling 
project to address specific and identified technical needs for improving biorefinery operation, whereas 
some other presentations in this part of the Peer Review were more oriented toward process 
development. The modeling and verification targets equipment and equipment specifications of systems 
(in this case, at the front end) that are already being tested for use in pioneer biorefineries, and it 
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addresses programmatic objectives of this BETO program. The project overview summarizes the goals at 
a high level. Briefly stated, the objective of this project is representative of the TRL (TRL 3 to 4), with 
project aims aligning with programmatic goals. Although some explanation was given during this short 
presentation, we understand the need for more background, and we will endeavor to do this in future 
presentations. The modeling work itself has two technical objectives. First, the high-fidelity FEM and 
CFD simulations are meant for engineering design, e.g., design of equipment. These simulations require 
significant expertise to set up and take a long time to run. We are also developing a reduced-order model 
of the feed screw, which has fewer input parameters and runs in a matter of seconds to minutes. This 
model relies on insight from the high-fidelity model to develop. The reduced-order model is intended for 
process models and quick decision-making.  

• We thank the reviewer for these comments, and we agree that management is important because the 
project involves multiple disciplinary elements and investigators and several different locations. The 
slide itself, if viewed as a stand-alone slide, needs to have more detail, but it was presented in this 
manner to summarize the key elements, with the discussion that had accompanied the slide explaining 
how this is managed, with final decisions being made by the PI (Ladisch at Purdue) after all the inputs 
are obtained. We have worked hard to provide frequent and efficient communications. On another note, 
maleic acid production is not within the scope of this project, and research on this has not been carried 
out as part of EE0008256, nor was it presented in the PowerPoint. (Perhaps there was another 
presentation during another part of the Peer Review by different investigators?) This is not part of the 
BETO programmatic goals for our work. Please note that the PowerPoint deck for the Peer Review 
followed the format that was requested by DOE. This included placing the quad chart (slide 26), 
milestones (Gantt) (slide 27), project risks and mitigation (slide 28), and publications and patents (slide 
29) after the summary slide (slide 25). Project risks and mitigations are given on slide 28. The FEM 
model developed in this project is significantly different from the other models for compression feed 
screws. One BETO project utilizes a DEM model, which is a fundamentally different approach to 
materials modeling. FEM modeling is a continuum approach and is highly scalable. The DEM modeling 
approach is a particle-based approach and does not scale well. Indeed, the DEM model is not capable of 
modeling the number of particles found in the real system. Further, materials characterization is much 
easier for the FEM model than the DEM model. Another BETO project uses a CFD continuum 
simulation to model material movement through the feed screw. This project provided little detail on 
how the material is modeled other than saying it is treated as a non-Newtonian, viscous fluid; hence, it is 
difficult to understand how that model works and how the material parameters are measured. Our model 
uses an elastoplastic (modified) Drucker-Prager cap material model, which is a common model for 
particulate materials. This model can capture shear band formation and permanent material deformation, 
characteristics that are fundamental to particulate material dynamics. Viscous CFD models cannot 
capture this fundamental material behavior. In addition, we calibrate our material model parameters 
using standard, independent experiments rather than “back fitting” material parameters to obtain a good 
match to experimental results. The compression feed screw model is independent of the slurry model. 
The compression feed screw model is intended for modeling material feeding upstream of the chemical 
reactor, whereas the slurry model is intended for modeling the material downstream of the reactor. We 
have addressed the key goals and milestones (see high-level summary on slide 28). The project is on 
schedule given the delay of the budget period two go/no-go review (which occurred in August) due to 
the unusual circumstances in 2020. 

• Purdue University is not given on the first slide and will be dominantly displayed in the future. The 
management slide does not mention Penn State because Penn State is not part of this contract, although 
there is a cooperative working relationship between Purdue, its collaborators, and Penn State researchers 
(and other institutions as well). On management, we agree with the reviewer. The management slide was 
designed for describing interactions during the oral presentation, per instructions, so it will be organized 
differently for stand-alone viewing.  
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• The selection of pellets was briefly mentioned during the presentation (loose stover does not form 
slurries exceeding approximately 150 g/L). The reviewer is correct that a comparison slide is needed, 
and it is something we will add in future presentations, although there was not time to do it during the 
short Peer Review presentation. The narrow definition of the process (i.e., slide 7) is consistent with the 
goals of the project as funded, and the programmatic goals of this particular BETO program, which is to 
model and predict the behavior of corn stover particles as they make their way from inlet of the refinery 
to the first step (i.e., pretreatment). Results have already begun to be disseminated (slides 29 and 30), and 
we plan to broadly distribute the results at a stakeholder meeting on May 19 as well as through 
publication. We agree with the reviewer on describing the dissemination—these slides were included, 
but they were placed after the summary, per instructions that we received for the format and structure of 
this presentation. Dissemination is at the heart of our efforts, and it is our overall goal to make a 
difference in helping pioneer refineries overcome some of the challenges that have been encountered due 
to materials handling. 
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DEVELOPING HYDROTREATING MODELS USING MACHINE 
LEARNING 
Pacific Northwest National Laboratory 

PROJECT DESCRIPTION 
We will develop machine-learning algorithms that 
will model and predict expected hydrotreating 
conversions given specific bio-oil and biocrude 
inputs, such as feed composition, temperature, 
pressure, and catalyst. These algorithms are key to 
the eventual development of a full-application 
machine-learning model that enables a technology 
adopter to evaluate the feasibility of a single feed or a blend of feeds from among available options of biocrude 
sources in the market. A full-application machine-learning model can also give nonintuitive insight into 
considering alternatives to a disrupted supply chain or when feedstock diversification is needed. Having 
accurate, predictive, model-based data will reduce the need for costly experiments to test every possibility. In 
our work, publicly available data sets were initially used and then augmented by hydrotreating-relevant 
literature data. The end-of-the-project outcome is a developed machine-learning algorithm of the underlying 
hydrotreating chemistry that accurately predicts product properties such as simulated boiling ranges. 
Appropriate critical material attributes of the feedstock and oil products will be incorporated if available and 
applicable. Thus far, we were successful in probing the impact of the added literature data set to the original 
molecular transformer algorithm, specifically for hydrotreating application. This work will benefit partner 
projects for additional insight into their provided data, possibly leading to targeted experiments to achieve their 
project goals. This work will also benefit entities with interest in hydrotreating and will enable them to predict 
simulated boiling point ranges.  

 

WBS: 3.1.1.009 

Presenter(s): Mariefel Olarte 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $235,000 



2021 PROJECT PEER REVIEW 

 

1162 SYSTEMS DEVELOPMENT AND INTEGRATION 

 

Photo courtesy of PNNL 

COMMENTS 
• This is a new development at PNNL to develop hydrotreating models using machine learning. Why is 

the approach using exclusively machine learning and not combining it with first-principle models that 
exist at the lab? How are the data to be used and validated? Are there enough data (validated, repeatable, 
at known conditions) to do this? How do you know the data quality? There are some serious questions 
about the final results presented that show a comparison of the accuracy percentage for results using very 
differently sized test samples, and these should not be compared so simplistically. The approach is 
unclear and doubtful in terms of the value for the design and operations. 

• The management and progress are reasonable given the stated objectives. The issue here is that machine 
learning, which is essentially a misnomer for advanced statistical modeling, is being misapplied to a 
process that is much more amenable to physics- and chemistry-based modeling. Parameters in physically 
meaningful models for kinetics, fluid flow, heat transfer, and mass transfer can and have been regressed 
from experimental data, providing models that are both “explainable” and extendable to conditions and 
catalysts outside of the data training set. There seems to be little likelihood that the models produced will 
be of much use, certainly not of much general use. 

• The project is an innovative approach to reduce risk in developing hydrotreating processes. The 
management plan was weak in that the overall plan was not outlined, and there does not seem to be 
interaction with industry or steering committees to ensure that the project is on the right track. The plan 
does outline risks and mitigation strategies, which is important. The approach looks well thought out and 
feasible, and preliminary results are encouraging; however, it is concerning that the addition of only a 
few reactions changed the accuracy of the model so much. In addition, the impact may not be significant 
because the goal of 70% accuracy seems low, and there appears to be no industry buy-in; however, the 
project is in its early stages, and it can be improved by reaching out to industry partners and consortia to 
ensure that they are on the right track and that the models developed would be useful. Evaluation of the 
70% accuracy by outside groups is also suggested. 

• This is an interesting project that needs more direct industry involvement, at least on an advisory board 
level. The end product goal is an accuracy of at least 70%, but how useful is a model with only 30% 
accuracy? With projects of this sort, it should be clear what is useful, not only what is achievable. Should 
the project not be able to achieve “useful” by project completion, a clear path should at least be required 
in the final report. 
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• This is a very good modeling approach that should be mirrored by other projects. The significance or 
insignificance of adding only a few reactions to such a large number and obtaining such different results 
needs to be better explained. To someone not doing machine learning daily, this is a very confusing 
result. The project explained this finding confidently and assuredly, but it is not obvious that this is a 
typical result. The data set appeared limited to lower carbon number compounds. It is not clear when or 
how this can be expanded or if there is a significant training set available for high carbon numbers. 
Because these appear so often in biorefineries, the overall impact of this to a fuel-producing facility may 
be limited as a result. It is excellent news that chemical companies in industry have also seen the value of 
this project and are pursuing it. The project would like to expand on this work in another project by 
incorporating kinetic data to increase its accuracy. The availability of this kinetic data will be more 
limited but could have a major impact on the accuracy of the project. There are a lot of modeling projects 
being worked on. This project is a new approach, which could result in either the reduction of the need 
for many models in the future or, less likely, the elimination of them entirely. It is an exciting new 
approach and a new concept in development by the national labs. It will require more than this project to 
be successful, however, because the target accuracy for this project is still relatively low. It would be of 
benefit to understand whether the interested industry parties want to utilize what is in development for 
this project or for a future version that is planned. 

PI RESPONSE TO REVIEWER COMMENTS 
• The insightful comments provided by the reviewers are greatly appreciated. We appreciate the panel’s 

assessment that machine learning provides an innovative tool that can help reduce the risk in developing 
hydrotreating processes, which is a necessary step in thermochemical conversion processes that requires 
the production of hydrocarbons from oxygenated feedstocks. We have a big picture vision/long-term 
goal in using machine learning for hydrotreating—that is, we would like machine learning tools to be 
used by industry and researchers to model and predict expected hydrotreating conversions given specific 
bio-oil and biocrude inputs. This long-term goal would have incorporated the development of ensembles 
of models trained on data spanning various biomass feedstock sources, liquefaction technologies, and 
their subsequent hydrotreating, coprocessing, and distillation. This long-term effort will also incorporate 
the development of an application programming interface and graphical user interface that would enable 
both inputs for prediction and inputs for additional training data by the user to allow for appropriate 
customization. Currently, our 3-year project goal is to develop a model for hydrotreating that 
incorporates available literature and theoretical and experimental data that will enable a prediction of the 
product boiling point range, a property related to the extent/conversion yield of hydrotreating. To get 
there, we wish to show the utility using available data. The project is in its initial stage and would benefit 
from having dependable resources, especially at the crucial early developmental period and considering 
that planned activities were already lean.  

We agree with the reviewer’s suggestion of engaging an external board to provide input. Early on, we 
engaged with a commercial entity interested in developing the algorithm with us, but, due to lack of 
funds, we lost this opportunity to collaborate. We will incorporate plans to gain feedback from an 
external board of stakeholders in our future planning. It will also enable us to get feedback on the current 
70% or better accuracy threshold.  

The performance improvement observed after the incorporation of a curated, albeit smaller, set of 
reactions in the training set is an indication that the predictive model can be fine-tuned for hydrotreating 
or any target chemistry by using targeted additions of small amounts of relevant reaction data. One way 
to look at this is that the model learned how to interpret what reaction centers are based on given reactant 
and product pairs in the general United States Patent and Trademark Office training set (more than 
800,000 entries) while gaining specialization on hydrotreating reactions by adding the hydrotreating-
specific data sets (374 entries). We can see the advantages of building targeted models with smaller data 
sets after training on a larger general training set, especially because conducting experiments can be 
expensive. We aim to understand the impact of the reaction of family-specific data sets on a general 
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algorithm’s predictive capability. It is like an engineering student majoring in a particular field of study 
after going through basic engineering courses. We realize that this may reduce the model’s general 
applicability; however, that is not an impediment in our target goal as long as we make sure that we are 
not overfitting (e.g., using the same test set as the training set). Overfitting artificially increases the 
model’s accuracy but limits its ability to generate accurate predictions of similar, though not the same, 
inputs. Still, we are currently working on improving the data curation and the model interpretability to 
ensure that we are not overfitting within the hydrotreating target chemistry application. Last, working on 
machine-learning models does not preclude us from working with existing first-principle models. We 
believe that machine-learning models can provide insights that are not traditionally generated by models 
that are currently used. In the long term, we aim to couple both approaches to develop chemistry-
informed machine-learning models capable of providing reliable predictions outside the training data 
regime; however, the first step toward this ambitious goal requires understanding the factors that 
influence the predictive capability of the machine-learning models that we are currently deploying. 
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VIRTUAL ENGINEERING OF LOW-TEMPERATURE 
CONVERSION 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
The development of virtual engineering capabilities, 
which systematically connect computational models 
of unit operations and predict outcomes for an entire 
conversion process, leverages BETO’s investments in 
high-fidelity computational models, Aspen Plus-
based TEA capabilities, and NREL’s state-of-the-art 
IBR research facility physical process demonstration 
pilot plant. This project is working toward a basic working suite of software that can be used to simulate and 
optimize low-temperature conversion of biomass, from feedstock handling to fuel upgrading, where virtual 
engineering will be demonstrated using high-fidelity mechanistic models for a subset of unit operations 
(enzymatic hydrolysis and bioreaction), with placeholder, lower-fidelity models used for the others. The 
general software framework, including a notebook-style graphical user interface and TEA integration, have 
been developed and demonstrated. Efficient surrogate models are being developed for the computationally 
expensive unit operation models. The virtual engineering software, once developed to a usable state, will be 
released as open source to facilitate further enhancements from a wide range of users and software developers. 

 

WBS: 3.1.1.010 

Presenter(s): Jonathan Stickel 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $590,000 
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Photo courtesy of NREL 

COMMENTS 
• This is a complex modeling project with an unclear purpose and value generation. It appears to be more 

of an exercise in computing than generating value for the development of process technology. Further, 
the team does not seem to be very aware of other, more advanced and suitable developments (such as the 
I environment from Fossil Energy). Some of the stated TEA assumptions looked to be quite inadequate. 

• It is not clear that this project is needed. The development of the unit operation models that require HPC 
for convergence limits the usefulness of this for the biomass community at large. It seems that a better 
approach may be to use these high-powered models to develop simpler versions that can be incorporated 
into existing Aspen models and/or used on other formats. This project is using a significant amount of 
resources (computing, model development, etc.), and it does not appear that the payback and usefulness 
are worth it. To this reviewer, it looks like this was a project designed to do “as many cool things as 
possible” without considering the future usefulness. 

• The problem here is that this has long been available in commercial process simulators. And although 
many of them are comparatively weak in several aspects of bioprocessing, it is simpler to embed custom 
code in them than to start from scratch. The dimension reduction is old hat. I worked on it in the mid-
1980s, and even then, I was too late to beat Aspen and SimSci to market with it. If this is done at all, it 
needs to be done in cooperation with simulator vendors because they are the ones that are going to 
supply software to end users. Trying to go directly to end users is not a viable strategy. The work itself is 
fine, and open-source models (the rigorous ones), hopefully, will be adapted by software vendors, but the 
dimension reduction and other simplification work is likely to be abandoned in favor of their own 
proprietary approaches. 

• The software engineer was not part of the team to start with. It is not clear if the software engineer has 
any familiarity with this type of process. Familiarity to a process is important in the development of a 
user interface/user experience. The project needs to spend more time on the development of the user 
experience upfront so that they can obtain and develop the right features for the software on the back 
end. The need of this project is very unclear. Models of things such as aerobic bioreactions exist even 
outside of an HPC environment or specifically Aspen. The project did not make clear why these existing 
models are ineffective. Surrogate models appear to have been made based on HPC-based modes for 
extended use outside of the need for an HPC, but a comparison to existing, non-HPC models was not 
clear. Although the project is using a risk management tool, none of the risks presented had anything to 
do with validating this complex software model and the inherent risks therein. It appears that limited 
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input was given in developing the graphical user interface. Features, requirements, wire frames, etc., do 
not appear to have been laid out for this project. Tuning a model to near 10% is expected to be the 
difficult part of the project, and the project reflects that challenge (approximately 6 months to 30% and 
another 18 months to 10%). The project appears to understand the difficulty, but the steps between these 
two milestones is unclear. The project appears to be doing similar work to the team within the FCIC, but 
it is not partnering with them or sharing information at this point. If this project is trying to be an open-
source tool, it would make sense that these two platforms collaborate. The project plan and metrics for 
measuring progress are lacking. The project is working on an immensely complex task, but there is not 
any real definition of what systems are being studied, or feedstocks, pretreatment systems, or other 
process variables. I am confused about integration of Aspen and the virtual engineering TEA work. The 
validation study needs to be explained—what tests will be done to “validate” it? One organism with one 
feedstock? What acid levels? How many permutations are there? It would have been valuable to better 
demonstrate how this modeling effort differs from others in the industry and within BETO. 

• Although this project seems to have some immediate significance, it is unclear how these models will be 
rolled out. Is the intent to move from HPC to improved Aspen blocks? The focus appears very narrow—
e.g., the effort with the mechanistic model looks to be sufficient for the pilot plant, but there is not 
enough analysis to show that it will be relevant at a larger scale. More clarity of the application to 
industry need would have helped the presentation. 

 PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their engagement and discussion during the virtual Peer Review meeting and 

for their follow-on constructive comments and questions. This virtual engineering project is a new and 
complex undertaking in the biomass conversion space, and it was challenging to fully communicate all 
the parts of the project and anticipated impact in the allotted 20 minutes. It also worth noting that, 
although the full scope of virtual engineering (as a general concept) is extensive, the current effort is a 
seed project, with the primary goal of providing a proof of concept. Fully featured software, with 
features and an interface that have undergone usability testing with domain experts, will be developed in 
future work. Applicability to industry will be clearer at that point, but two potential use cases are 
envisioned: (1) The virtual engineering software will have predefined sets of interchangeable conversion 
unit operations and selectable unit sizes, using low-order or surrogate models, from which various 
scenarios can be simulated. With this use case, virtual engineering software can also provide a powerful 
visual medium for disseminating scientific and engineering information and educating industry, 
researchers, and the general public about SOA bioconversion processes. (2) Industry can work with 
NREL staff to implement new models, either computationally intensive or low-order, for other unit 
operation designs, and these models can then be plugged into the virtual engineering software to simulate 
them as part of an entire conversion process.  

Regarding our software implementation versus using Aspen Plus: Aspen Tech makes great software for 
the dedicated purpose of simulating process systems, typically steady state, in the petrochemical and 
other well-established industries; however, it is not designed to be a flexible platform for simulating 
novel unit operation models written in different programming languages or for interfacing with HPC 
resources. Rather than using Aspen Plus, it was more straightforward for us to implement our own 
virtual engineering software using the Python programming language. We are also implementing 
surrogate models in our virtual engineering software rather than integrating them into Aspen, thus 
keeping the same virtual engineering software interface for multiple use cases. TEA happens by first 
running a process simulation in the virtual engineering software (with SOA mechanistic models) and 
then providing that information to NREL’s existing Aspen Plus workflow. Finally, our virtual 
engineering software will be released as open source and hence will not require a costly license to use 
(excepting integration with Aspen Plus-based TEA). The virtual engineering project aims toward a 
flexible platform that can employ a mix of both low- and high-fidelity models. Our framework will 
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leverage DOE’s HPC resources for high-fidelity predictive simulations that many engineering software 
products are unable to use effectively.  

Regarding other systems engineering software, such as the Institute for the Design of Advanced Energy 
Systems (IDAES) and Wind Plant Integrated Systems Design and Engineering Model (WISDEM®): We 
are aware of other systems-modeling software such as these. Members of our team maintain regular 
communications with the developers of both tools. These are sets of modeling software with purposes 
specific to their applications (including predicting power generation, structural analysis, and system 
optimization). This virtual engineering project was partly inspired by these software packages, but it has 
its own characteristics unique to biomass conversion applications. As the project progresses, especially 
when developing optimization capabilities, we will look more closely at IDAES and WISDEM to see 
what concepts and software libraries might be borrowed from them.  

Regarding the scale of the process simulation: I am sorry the presentation was not clear about what 
system scales the virtual engineering software can simulate. It can simulate any process scale, from 
laboratory to industry scale. In fact, the high-fidelity bioreactor model targeted for surrogate modeling is 
for a full-scale bubble-column reactor (500 m3), but we have also performed simulations with a lab-scale 
bioreactor (500 mL).  

Regarding the purpose of the HPC models: We are currently implementing CFD models, requiring HPC 
resources, for enzymatic hydrolysis and bioreaction. Yes, low-order models exist that do not require the 
HPC, and the virtual engineering software is set up to use them by user choice or to automatically fall 
back to them when no HPC hardware is detected. These low-order models are “zero-dimensional” and 
presume the reactors are well mixed, a condition that can require an impractical amount of energy to 
achieve. The CFD models can predict the relationship between mixing speed and/or aeration rate (and 
hence energy costs) with reactor performance (productivity/yield).  

Regarding the validation against experiments: The individual unit operation models have been validated 
separately in previous work; hence, only a limited set of conditions is used to validate the virtual 
engineering software. Here, experimental validation of sequential unit operations is used to ensure that 
the virtual engineering software takes in inputs and provides outputs that correspond to parameters 
commonly used by experimentalists. Further, quantitative agreement is evaluated to verify that the 
virtual engineering software is connecting the unit operations correctly and as another check on the 
suitability of the models to represent actual low-temperature conversion processes. 

Regarding partnering with the FCIC: The FCIC is focused on feedstock handling and preprocessing, 
whereas the virtual engineering software currently covers conversion operations. Models for 
preprocessing steps can be easily integrated within our Python framework and will be part of our future 
efforts.  

Regarding the project management and measuring progress: We have quarterly milestones and a mid-
project go/no-go. All milestones have been met to date. 
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PROCESS MONITORING AND PREDICTIONS OF 
BIOREFINERY PERFORMANCE 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
Online process monitoring coupled with rapid 
predictive tools will be essential to refineries of the 
future to provide real-time feedback and process 
control on new, renewable feeds and their 
accompanying processes and products. This project 
will provide refinery operators with tools to predict 
product component concentrations in minutes from 
online, slipstream mass spectra, allowing for the rapid detection of off-specification product. We will arrive at 
a template for predictive tool generation through the development of a specific tool as a starting point—
coprocessing of pyrolysis oils and vacuum gas oil over fluid catalytic cracking (FCC) catalysts. 

 

WBS: 3.1.1.011 

Presenter(s): Anne Starace  

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $1,300,000 
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Photo courtesy of NREL 

COMMENTS 
• It is not clear what kinds of pyrolysis oil were used (age, feedstock, ash content, etc.) or how those 

feedstocks were chosen. The scale of validation is important because this tool may be used in a refinery 
to reduce the risk of plant shutdown by alerting operators to a potential problem requiring diversion of 
the pyrolysis oil product sooner. NREL cannot rely on short-term validation testing for this program. 
Work appears to have been done to show little impact at a low-level blend, but how the validation was 
conducted is unclear. It is not clear how the catalyst activity tied into the model or how this model is to 
be used to predict FCC catalyst performance over time as well. The risk of off-specification is much 
greater than $100,000 per event. If refiners cannot trust a consistent feedstock with predictable 
performance, they will simply not use pyrolysis oil. It is not worth the cost to a refinery to halt 
operations to integrate this technology. The economic advantage of the use of pyrolysis oil versus the 
increased risk of upset should be clarified. The only way to quantify the risk is to perform long-term 
reliability tests. It is unclear if this project builds on lessons learned from other past American Recovery 
and Reinvestment Act projects. There should be a significant amount of data available to help build the 
database and artificial intelligence. The focus of this project on refinery operations instead of on a 
generic biofuel facility is important. Refineries are a great target to incorporate biofuel technology. 

• The project seems overly complicated. It is unclear why the chosen approach is selected over existing 
and proven control and optimization techniques. There is very little understanding of the targeted 
industry or the standard and more modern techniques in use (e.g., refinery optimization). The addition of 
complex analytical online techniques needs to be checked against reliability and value generation. 

• The project has a well-thought-out and technically sound approach to this issue and is making great 
progress. The ability to have online real-time analyses of various biorefinery streams for process control 
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will be invaluable. Based on the success of this project, it is hoped that this can be extended to other 
processes and process streams. It is great that the project has enlisted the help of Phillips 66 and the bio-
oil coprocessing review board. It is concerning that the management team listed industrial relevancy as a 
risk. It is unclear if this means interest, or that this is not yet commercialized, or what; however, working 
to engage these outside parties is excellent and should be extended to others, if possible. 

• This is a good project that appears to have made excellent progress. In addition to online process 
monitoring, the pathway toward predictive process control should prove very useful to industry. 
Additional focus on adaptation to changing process conditions (e.g., catalyst poisoning) could make this 
a very powerful tool. 

• This is generically similar to approaches that have been used for many years in refineries. The specific 
mass spectrometer tool may be an advance over previous practice, but spectra and “fingerprinting” are 
long-established online tools. The work demonstrated that the approach could be useful, but this was 
predictable from numerous examples of prior work. It appears to be no more than the application of a 
(possibly) new analytical instrument in a familiar way to a familiar process with an expected result.  

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their comments and feedback. We appreciate the reviewers highlighting our 

strengths of building on time-tested approaches used in industry and applying them to a new tool for the 
optimization of existing refineries for the conversion of renewable starting materials. The tool developed 
in this project will also quickly alert operators to problems that might require the diversion of renewable 
feeds, reducing the risk of shutdown. The data used to build the model will also build understanding of 
coprocessing renewable feeds in existing refineries, further de-risking this exciting near-term pathway to 
renewable fuels and chemicals. Moving forward with this work, we will expand our industry engagement 
and develop comprehensive risk identification with mitigation strategies for the implementation of this 
approach in industry, leveraging existing monitoring tools in refineries, where applicable, and expanding 
them to new feeds that have properties outside of those of petroleum feeds. Additionally, we will work in 
conjunction with other projects, such as the bio-oil coprocessing project, to perform longer-term 
durability tests. Lastly, once we have successfully built this predictive tool, we will work to develop 
tools to inform adaptive responses to suboptimal product or potential impeding process upsets to correct 
them rapidly and efficiently.  

We would like to briefly address some specific reviewer comments here. This project works closely with 
the bio-oil coprocessing project and planned pilot-scale runs, coordinating to use the same pine-derived 
bio-oils and vacuum gas oils. The model’s prediction of product compositions is validated against gas 
chromatographic analyses of the condensed product. The feed-to-catalyst ratio as well as the number of 
regeneration cycles of the catalyst are carefully tracked parameters so that the model can be developed to 
identify catalyst deactivation. Although there are significant amounts of previous data, they are 
insufficient on their own to provide a basis for a machine-learning model. When the use of the data for a 
machine-learning model was not considered when the data were collected, which overwhelmingly has 
been the case, each data point must be paired with relevant metadata to ensure that each data point has 
the same, complete set of metadata to accompany it—a laborious process that usually eliminates many 
data points. We hope this provides the reviewers more clarity on these specific points. 
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MODELING FLOW BEHAVIOR IN A DISC REFINER FOR 
DEACETYLATION AND MECHANICAL REFINING PROCESS 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
Disc refining is a critical step in the DMR 
pretreatment process, which is effective in breaking 
down the biomass structures to increase enzyme 
accessibility and sugar yield in biofuel production; 
however, it is an energy-intensive process, which 
limits its commercialization in the biorefinery 
industry. A technological gap exists in adopting the 
disc refining technology in biorefineries from the pulping industry due to different objectives. This project 
aims to advance the scientific understanding of the disc refining process for biofuel production. By developing 
and validating a physics-based model, this project will provide a tool to assist refiner plate design and process 
parameter optimization in achieving lower energy consumption in the disc refining process. Accurate modeling 
of the refiner relies on resolving the geometric feature details of the refiner plate. Disc refiner simulations are 
extremely computationally demanding due to the high complexity of the disc refiner geometry. We took 
advantage of the axisymmetric characteristics of the refiner plate in reducing the computational complexity 
while maintaining high fidelity. Our model demonstrated high accuracy, within 5%, in predicting energy 
consumption compared with experimental results at different operating conditions. We discovered that the 
energy consumption and energy efficiency increase with the increase in the rotation speed and the decrease in 
the refiner plate gap. 

 

WBS: 3.1.1.012 
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Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $400,000 



2021 PROJECT PEER REVIEW 

 

1173 SYSTEMS DEVELOPMENT AND INTEGRATION 

 

Photo courtesy of NREL 

COMMENTS 
• As discussed in other forums, the use of only the DMR front-end process is limiting to the overall 

development of the biorefinery industry. This effort may only be valuable if other technology companies 
adopt the DMR pretreatment, which is yet to be seen. The project did not make it clear whether the 
energy consumption of the disc refiner is the cause of others not adopting the DMR process. Integration 
of this project with the FCIC was not noted. It is unclear how this model can be validated if the specific 
shear energy cannot be measured empirically. I would have liked to have seen more information on how 
this model was planned to be validated and the risks going forward. If the specific shear energy cannot 
be measured, it would be good if the kinks can be correlated to another measurable value that is already 
being measured by the OEMs. New designs are not discussed in the presentation. It is unclear how this 
project is making an impact so far. Although 3D scanning is a good technology, the repeated pattern on 
the disc refiner would seem to lend itself to simply measuring and creating in AutoCAD if Andritz did 
not already possess the model. This project is one of the few working in direct partnership with an OEM 
to advance the development of a specific piece of technology for the industry. The economic impact of 
reduced disc-refining electrical consumption to a large project is unclear. 

• At some point, we must ask why we keep spending on the DMR process when it is unlikely ever to be 
commercially viable. This is tweaking a single-unit operation and sophisticated modeling that is hard to 
justify by any real-world promise of the technology. The management plan is superficial but okay. The 
progress against stated goals has been acceptable. The major issue is that the project targets an 
approximate 5% cost reduction in a process that has never run commercially and most likely never will. 
The focus is a single, somewhat idiosyncratic piece of equipment that is part of an equally idiosyncratic 
conversion process. 
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• This looks to be the development of a commercial unit from Andritz by NREL using public money. The 
complexity and advancement are unclear. The methodologies seems relatively straightforward. It is 
unclear why this work is being funded by BETO. 

• The project is making good progress toward its goals; however, the overall impact of reaching their goals 
on the overall cost of fuel and the reduction in GHG emissions is unclear. The presentation mentioned 
that it would reduce energy and thus costs and that disc refiners require a significant amount of energy, 
but they failed to provide an estimate of their expected reduction and/or the impact of this reduction. 
This is unfortunate. The project also noted that they may have an impact on the amount of enzyme 
required and thus on the overall fuel price, but this was not quantified or estimated either. Working with 
Andritz is really good because they are a leader in this area; however, the project should ensure that the 
results are transferable to other processes and that it is not limited to the specific disc refiner. It is likely 
that the project will provide good transferable results and measurable, albeit likely low-level impacts, but 
the project team failed to provide any backup for these issues. The approach may have been overkill for 
this specific project. It seems like it could have been modeled using simpler methods. Couldn’t a basic 
computer-aided design drawing of that Andritz model been sufficient? By scanning the specific disk 
refiner, are we narrowing the modeling to not only that model but to that specific piece of equipment? 
The management plan was average. Some representation of the interconnection of tasks and the handoffs 
would have been useful. 

• This project focuses on a single piece of equipment within a complex pretreatment process that, to date, 
has shown no progress toward commercialization. By the presenter’s own admission, this equipment 
represents only 10% of the process energy consumption, so the optimization impact will likely be very 
small. Specific energy clearly increases with high-consistency refining, yet there was no consideration of 
whether lower consistency has a greater impact on energy consumption. There is no clear correlation 
between the reduced energy consumption and the impact on overall process performance. CFD models 
of disc refiners have been around for decades; this project would have strongly benefited from a survey 
and analysis of existing models to focus efforts. The DOE Office of Energy Efficiency and Renewable 
Energy (EERE) Advanced Manufacturing Office put out a Steam Tip Sheet (#21) showing how steam 
turbine drivers for rotating equipment can save significantly versus electrical drivers, and this should 
have been considered before this project was funded. 

 PI RESPONSE TO REVIEWER COMMENTS 
• The DMR pretreatment is a newer cutting-edge technology, developed in 2012, to solve multiple issues 

encountered by pioneer second-generation ethanol plants. The high-temperature dilute-acid-
pretreatment-based cellulosic ethanol plants struggled with the following operation challenges: (1) 
feeding biomass through the high-pressure boundary of the reactor, which often leads to inconsistent 
feeding; (2) reactor plugging due to char forming and lignin accumulation during acid pretreatment; and 
(3) inevitably producing inhibitors, such as acetic acid, furfural, and hydroxymethylfurfural, which 
significantly decrease yield in downstream biological fermentation. The DMR process is thus designed 
to mitigate those issues by (1) operating at atmospheric pressure to enable easy and reliable biomass 
feeding and discharging from a continuous reactor; (2) preventing char forming and lignin accumulation 
using dilute alkali pretreatment, which also reduces the material requirement for reactor constructions; 
and (3) avoiding inhibitor production that significantly increases sugar fermentability. By far, the DMR 
process has demonstrated promising and superior performance on sugar titer and yield (>270 g/L 
monomeric sugar, 85%–90% sugar yield), sugar fermentability (ethanol yield >90%, ethanol titer >80 
g/L), and lignin reactivity. Based on NREL’s sugar model, DMR sugar is approximately $0.20–$0.25/lb, 
which is close to the current corn starch sugar price. Disk refining is a critical step in the DMR process 
to improve sugar yield by increasing cellulose accessibility. Disk refining has also been used in many 
other biomass pretreatment processes to significantly improve the sugar yield (normally 10%–20%). J. 
Y. Zhu at the U.S. Department of Agriculture (USDA) used disk refining with his SPORL technology 
(sulfite pretreatment to overcome recalcitrance of lignocellulose) on softwood treatment and achieved 
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>80% sugar yield. Weiqi et al. used disk refining with hot water treatment on rice straw and increased 
sugar yield by almost 20%. Sunkyu Park used autohydrolysis with disk refining and improved sugar 
yield by up to 15% on sugarcane bagasse. Milling is also used in consolidated bioprocessing to 
significantly increase the butanol yield. Disk refining is also used, along with DuPont’s dilute ammonia 
pretreatment, and significantly improved sugar yield. There are many other thermochemical pretreatment 
methods using disk refining to further improve sugar yields because it is cheap and efficient.  

Disk refining is a critical piece of equipment that is essential for biomass deconstruction, especially for 
low-severity pretreatment. Our project is developing a first-principles-based computational tool to 
predict the energy consumption during disc refining. A thorough literature study has been done. There 
are two types of existing research that are similar to our work: (1) Empirical/semiempirical correlations 
of disc refiner power consumption with refining parameters in the pulping industry. This type of 
correlation is heavily dependent on the type of refiner, refiner plate type, and pulp properties. These 
empirical-based models are not expected to be transferrable to a different type of refiner/plate. (2) CFD 
models in the literature do not show predictions/validations in disc refining power consumption or do not 
have validations at all. These models have been developed in the pulping literatures in the past decade. 
They focus on the fluid flow pattern inside overly simplified plate geometries (using simple 2D/3D 
geometry). They rarely have rigorous experimental validations. None of this research showed power 
consumption prediction and validation. The key drawbacks in this research are the lack of 
experimentally measured rheological properties and a realistic disc refiner plate geometry (and most of 
the models are not well developed to be validated). In contrast, our modeling effort focuses on 
developing a rigorous modeling framework that uses experimentally measured rheological properties and 
realistic 3D-scanned refiner plate geometry to ensure high fidelity of the simulations. We also 
implemented power consumption calculations based on the simulation results to compare with 
experimental validation. Because power consumption is the metric we are interested in, we used 
experimental measured power consumption to benchmark our model simulations. We have successfully 
validated our modeling framework. The DMR process and hydrolysate sugar produced has many 
advantages over other pretreatment methods; however, energy consumption remains a key priority of 
R&D. The DMR process consists of two major GHG sources: sodium hydroxide (NaOH) usage and 
refining energy. Reducing disk refining energy is a must for DMR sugar to earn the U.S. Environmental 
Protection Agency’s (EPA’s) D3 renewable identification number (RIN) credit via GHG reduction. Disc 
refining requires 200 kWh/tonne of biomass (about $20/t) to achieve 80% sugar yield, and the refining 
cost is about 10% of the MFSP, producing 36% of the overall GHG emissions of DMR. Higher yields 
(>90%) require much more energy, near 400–500 kWh/tonne, with existing disc refiner plate designs 
that were intended for paper production, not biomass deconstruction. This current project is developing 
disc refining models to reduce the energy consumption that is absorbed by frictional losses instead of 
performing the desired structural and physical changes to the biomass (and/or pulp). The models enable 
the rapid design simulations required to optimize the disc refining process parameters and plate designs, 
which is not currently possible with the available iterative experimental approaches and cost/time to 
manufacture plate designs in an iterative fashion. Our ab initio modeling methods are not only applicable 
to herbaceous biomass but also translatable to pulp processing, where energy consumption and GHG 
emissions may also be reduced, and further enhancements in the process are possible.  
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SCIENTIFIC METHODS FOR BIOMASS REFERENCE 
SCENARIOS 
Oak Ridge National Laboratory 

PROJECT DESCRIPTION 
This project (concluded 9/30/2020) engaged 
stakeholders to develop a protocol for reference 
scenarios involving bio-based systems. Rationale: To 
quantify the effects of a bio-based product, a 
comparison of the bioenergy product system and a 
reference scenario is required. The reference scenario 
defines conditions in the absence of the bioenergy 
system with respect to the use of land, energy, and materials. Prior to the project, no protocol or standard was 
available, and reference scenarios were highly variable and poorly documented, resulting in conflicting and 
potentially biased assessments. Reference scenario assumptions should be structured and documented to 
permit proper analysis and interpretation of bioenergy assessments.  

The project achieved goals by sharing the draft protocol and incorporating suggested improvements in two 
international standards (now published):  

• ASTM E3256-20 - Standard Practice for Reference Scenarios When Evaluating the Relative 
Sustainability of Bioproducts  

• ASTM E3066-20 - Standard Practice for Evaluating Relative Sustainability Involving Energy or 
Chemicals from Biomass. 

The latter was revised and updated based on recommendations from this project. 

The project addressed BETO needs for more consistent quantification and clear documentation of the net 
effects of advanced bio-based fuels and products and an expanding bioeconomy. The project also addressed 
the need for consistent industry standards and best practices. 

 

WBS: 3.1.4.001 

Presenter(s): Keith Kline 
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COMMENTS 
• The development of a reference case for biomass development is a critical need for BETO and was 

accomplished in this project. As we move to include increasingly more “externalities” in analysis and 
comparison of projects, developing a basis for comparison is invaluable. Although this reference case 
cannot be “commercialized,” it will allow investors and other funders to compare among alternative and 
make consistent decisions. The project team got participation and buy-in for a wide cross section of the 
biomass and life cycle assessment (LCA) communities, as well as acceptance by ASTM. I cannot believe 
this was an easy task, but it speaks well of the overall management of the project. 

• The project appeared to want to solicit information from as many sources as possible. The time 
commitment from the group would have been helpful to understand the level of collaboration. The 
project may have tried too hard to involve so many stakeholders, but at the end of the project, their 
continued effort likely resulted in a better tool than had they made the project easier on themselves and 
worked with a smaller group. The standard is working as a best practice tool, which will be challenging 
to keep updated given the changing technology landscape. It is unclear if there is someone who will 
continue to keep this standard up to date following the close of the project. Consistency in the 
approaches on LCA/TEA evaluations would benefit the industry, but it is not clear if there are obvious 
errors from past projects that need to be corrected. This appears to be a tool to help those new to the 
industry as opposed to a tool to correct a problem. The project has produced two standards based on the 
work, which is what it set out to do. 

• The presentation was somewhat confusing, but the final products of the project (ASTM standards) look 
to be very useful and necessary for the proper validation of biomass processing options. 

• The slide deck itself and the presentation (too much information was presented too fast, like 90% of the 
talks) made it difficult to see what was (1) the point and (2) the level of progress. The structure and 
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wording of the deck were unnecessarily abstruse. The supplementary document distributed after the talk 
clarified most of these points. The objective, in fact, is a useful one, and good progress has been made. 
The approach remains difficult to tease out in an understandable way. Progress is also somewhat hard to 
quantify. After reading through the deck at least twice, viewing/listening to the presentation, and reading 
the supplemental document, I would still find it difficult to succinctly explain what was done in this 
product and what the document’s actual value is. Apparently presenting the actual standards is 
problematic, but perhaps at least they could have been described in a bit more detail. 

• This project has been quite successful, producing two published standards to make biomass reference 
scenarios more consistent across the industry. As a result, LCA and other assessments of bioproduct 
impacts will become more accurate and comparable across projects. 

 PI RESPONSE TO REVIEWER COMMENTS 
• Thank you for the many thoughtful comments and suggestions. We appreciate the reviewers’ 

acknowledgment of the significant achievements made by this modest initiative. We also thank the 
extended reviewer community, including more than 60 other individuals and organizations for their 
contributions to the development and drafting of the protocol, standards, and related publications. One 
review noted the challenges of involving so many people with disparate perspectives. We felt it was 
important to involve a broad range of stakeholders so that the model developers and model users, 
including industry and regulatory agencies, would appreciate the importance of clearly specifying 
reference scenarios. Our goal remains to facilitate assessments wherein reference scenarios are carefully 
designed and systematically documented as the bioeconomy continues to grow and evolve. The 
reviewers also raised excellent questions regarding the maintenance of a standard that offers “best 
practices” because such practices will change over time, and thus the standards will require periodic 
review and update in the future. We agree. Please note that the decision for this project to engage with an 
established international standard-setting body, ASTM, was a strategic solution to address this challenge. 
Rather than a report or article that is published and then remains static and dated with time, the 
publication of our results in the form of international standards ensures that they will grow and improve 
over time as living documents. All ASTM standards must undergo a formal review at least once every 5 
years. The reviews provide opportunities for improvements and revisions based on input from users and 
committee members. The standard is then revised and re-balloted via a transparent approval process, 
where each review comment and any negative votes are addressed prior to final approval and 
publication. Finally, we also appreciate the reviewers’ astute observation that the standards and outreach 
materials developed under the project will support more consistent approaches to LCA and other 
evaluations of bioenergy and thereby benefit the industry by filling “a critical need” for a more 
consistent basis of comparison. We wholeheartedly agree, and we thank you for contributing to this 
initiative. 

  



2021 PROJECT PEER REVIEW 

 

1179 SYSTEMS DEVELOPMENT AND INTEGRATION 

BIO-C2G MODEL FOR RAPID, AGILE ASSESSMENT OF 
BIOFUEL AND COPRODUCT ROUTES 
Lawrence Berkeley National Laboratory 

PROJECT DESCRIPTION 
The objective of this project is to make TEA and 
LCA of lignocellulosic biorefinery technology 
options simpler and more accessible to a wide range 
of researchers and industry leaders. To achieve this 
objective, we have developed a lightweight, flexible 
model capable of quantifying production costs and 
life cycle emissions for either a hypothetical facility 
or a specific location with identified organic/biomass 
feedstocks. Our proposed project focuses on building and integrating three key components: (1) a rapid 
biorefinery siting and resource filtering tool; (2) a modeling framework for evaluating trade-offs within a 
biorefinery configuration, using basic mass and energy inputs/output; and (3) an input-output model for 
quickly calculating life cycle metrics of interest, such as GHG emissions. The three components of this Bio-
C2G model use compatible data input/output formats and allow for quick, iterative evaluation of technology as 
it is developed during a research project or the early stages of a startup company. Each component is designed 
to generate summary result files and documentation that can easily be incorporated directly into journal papers, 
progress reports, and funding proposals. The result is a more rigorous, transparent framework for evaluating 
the economic and environmental impacts of biofuel and coproduct routes as well as a practical, useful set of 
tools that can be widely applied throughout the research and industry communities. 

 

WBS: 3.1.4.002 

Presenter(s): Corinne Scown; Deepti 
Tanjore; Katy Christiansen 

Project Start Date: 10/01/2018 
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COMMENTS 
• This is another project without a clear purpose and users, and the value generation is unclear. It might be 

a good tool for outreach and advocacy but little else. Some of the included modeling looks overly 
simplistic and lacks actual industry insights. This is more of a toy than a proper technical modeling 
effort. 

• The management plan is very superficial. It is a relatively simple project structure, to be sure. The 
approach was good except for the very narrow limits placed on feedback (Joint BioEnergy Institute, 
ABPDU). The value of this tool will be found in its breadth of application, so the broadest possible set of 
stakeholders should be surveyed for their input. The use of simulations to “train” the tool could have 
been better explained and defended. I believe that I understand this well, but it was clear that others did 
not. The “guardrails” comment on slide 7 was not sufficiently fleshed out, so there remained significant 
angst about nonexperts misusing the tool by ascribing too much precision to its output. Restriction to 
specific products perhaps is not as valuable as a parameterized description (select the most likely from a 
set of generic product recovery processes, etc.) as opposed to needing a fresh set of detailed simulations 
for each case. The focus on cellulosic sugars limits the scope to processes that will not exist for years, if 
ever. That said, the end product has the potential to be an extraordinary tool for a very wide range of 
“customers,” and the progress so far has been excellent. 

• This is a nice project. Tools such as this will be very helpful to the public and to the biomass startup 
community. Providing a tool with a consistent basis for projects to assess costs and outcomes will allow 
the community to compare across projects and will provide startups with a valuable tool to understand 
their potential impacts. This will allow the startups to apply for grants, to sell their technology to 
potential investors, and to better understand their overall impact. The tool should be modified to consider 
significant figures. Costs to the dollar are not reasonable. They should be rounded to no more precise 
than $1,000. 

• This appears to be a very useful tool—and great progress has been made in developing it—but it is at a 
very high level, which limits its impact. It is understandable that to make a more powerful tool would be 
ridiculously complex, but the trade-off between accuracy and applicability significantly narrows the 
audience. It is unclear what input from industry may have driven the focus, or even if industry was 
approached for guidance or advice prior to the project start. 

• The future plan for the tool, regarding who will update and maintain it, is unclear. It is unclear how the 
data in this tool are vetted. The existence of biomass in an area does not automatically mean that it is 
available. Transferring data between models is not as great of a challenge as the project declared in the 
presentation; rather, the challenge is keeping the tools updated as the project is adjusted, which this tool 
would help with. This tool, however, would not be worked on by a team of experts but by a nonexpert, as 
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it states; therefore, this advantage does not really exist for what is here. There does not appear to have 
been any planning or evaluation of design options for the front-end user interface. It appears to be the 
result of one team’s idea of what would make a good software platform, and the team did not plan to 
execute a formal customer research study. If it is targeted at the C-suite, high schools, or industry people, 
it would be important to know what forms and format they would like. This project is too large and 
broad to be achievable with impactful results if the intent is to model all conversion approaches. The use 
case for this project is very unclear. It is not clear whether the modeling is the equivalent of what can 
readily be done in an Excel file, is more in line with Aspen, or is somewhere in between. The idea of 
combining three different modeling tools is a good idea. Aspen will already do a TEA/LCA and process 
modeling, but it is expensive. The need of this tool for nonexperts is not clear. This seems to be a nice to 
have but not a need to have. Giving a “DOE-developed” tool to outside groups needs to have big red 
letters warning against relying on the data in a model, especially one with unknown accuracy. The 
accuracy level of the model needs to be determined and highlighted. 

 PI RESPONSE TO REVIEWER COMMENTS 
• The project team appreciates the reviewers’ time and effort in reviewing our progress. To clarify, the 

Bio-C2G tool is meant for use in the early stages of commercialization, to enable startup companies and 
researchers hoping to commercialize their technologies to better understand key cost and emissions 
drivers for their biofuel (and bioproduct) production routes.  

Industry partners have been engaged from the start of the project. The team also frequently discusses the 
model functionality with the ABPDU, whose researchers regularly work with a wide range of small and 
large companies and have a deep understanding of what needs those industry partners have. The 
emphasis on “guardrails” refers to the fact that, within the 50-plus input parameters users can alter in, for 
example, the sorghum-to-limonane production route, we do not allow users to enter any operating 
conditions or other parameters if values are far outside any reasonable range. For example, incoming 
feedstock moisture content is constrained between 20% and 70%.  

We disagree with the reviewer’s characterization of this model as a “toy” given the 50-plus adjustable 
input parameters and its basis in conventional process modeling. Regarding the question on vetting, the 
team relies on internal validation as well as the peer review process when results are disseminated in 
articles.  

The points about significant figures and perception issues associated with the red warning text on the 
website are well taken. The team plans to remove the red warning letters, and the significant figures will 
also be reduced in the displayed results to reflect CapEx and OpEx to the nearest $1,000.  

Since the Peer Review presentation, the project team has added new feedstock options to Bio-C2G to 
capture a range of sugar feedstocks, including dextrose, beet sugar, cane sugar, etc. As noted in the 
presentation, the team received industry feedback expressing greater interest in sugar feedstocks relative 
to biomass. 
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FEEDSTOCK TO FUNCTION: IMPROVING BIO-BASED 
PRODUCT AND FUEL DEVELOPMENT THROUGH ADAPTIVE 
TECHNO-ECONOMIC AND PERFORMANCE MODELING 
Lawrence Berkeley National Laboratory 

PROJECT DESCRIPTION 
Biological routes to fuels and products offer 
unparalleled flexibility in the development of novel 
molecules, tailored for high performance in a wide 
variety of applications; however, experimental 
property testing of these pathways is usually 
conducted years after initial bench-scale experiments 
are complete due to high experimental costs or high 
volume requirements. Neglecting to conduct property 
testing early in the pathway development cycle can lead to investments spent on scaling up production of 
bioproducts and biofuels that do not perform as expected. 

The goal of this project is to develop an open-source “feedstock to function” tool that rapidly screens for viable 
bio-derived molecules to replace or substitute petrochemical intermediates, fuels, and chemicals. This web-
based tool leverages machine learning to predict biomass-derived molecule properties, and it evaluates the 
cost, benefits, and risks of promising molecules. To establish the framework for this web tool, we first 
demonstrate the capability of our machine-learning-based approach to predict high-value properties of 
alternative jet fuel pathways. Coupled with a lightweight TEA and LCA model, the tool successfully predicts 
molecule properties, costs, and emissions. Overall, this tool will help reduce risk early in the R&D cycle and 
enable faster, less expensive bioprocess optimization and scale-up. 

 

WBS: 3.1.4.003 
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COMMENTS 
• This is another modeling project that does not seem to rely on sound understanding of the phenomena 

under consideration. It is unclear how any validation of the estimated properties is being done. Some of 
the error analysis looks appallingly amateurish! 

• Blends of fuels as well as individual components are to be predicted. Blends, of course, are significantly 
more difficult to predict, especially for fuel blends that may have dozens of different constituents. It is 
not clear whether this product will be able to predict such a complex mix. It is unclear how the project 
determined “actual” cost data with so many data points, if, from a literature review, these data are 
notoriously varied in equipment type and size, making comparisons challenging. The presentation did 
not spend any time discussing the validation testing setup and methodology. Machine learning was to be 
evaluated, but it was not clear how. It is unclear whether the project withheld a known chemical from the 
machine-learning data set and had its properties predicted as part of the validation process. Multiple 
properties are being targeted to be added to this model besides combustion to increase the value of this 
tool to multiple processes besides fuels. The cost accuracy target was not identified. Cost estimate 
accuracy can be determined based on ASTM standards. The property target accuracy was noted to be 
15%, which would be very valuable in planning and predicting performance. The functionality of the 
cost estimating tool function is not clear. It would be beneficial to understand what inputs are required 
and what are generated automatically—i.e., are materials of construction an input or determined by the 
properties? The cost estimating tool seems to distract from the overall value of the project. It seems there 
are enough cost prediction tools in development. It seems as if this would be a good potential tool to 
project potential costs during R&D as a ±50% estimate. It is not clear how this project differs from an 
engineering estimate based on known pathway costs, i.e., a corn-ethanol plant is $2/gallon CapEx. An 
open-source, publicly available cost estimating tool would be beneficial for startups and universities for 
investigating new ideas and to provide them valuable information that can guide their efforts. It is 
unclear whether the project is targeting fuels projects with a blend of chemicals or specific specialty 
chemicals. If the former, the companies producing these compounds do not generally understand all the 
structures the compounds exist in. It is not clear if this project has taken that into account. If the latter, 
then the reviewer is confused about which types of compounds and what properties are in question. 

• This is a nice project with a great summary. I am not sure about the combination of physical properties, 
costs, and LCA, especially process costs. It seems like the project should focus on properties only. LCA 
can be included because they are primarily based on heat and material balances. The estimation of 
feedstock handling and hydrogenation costs are a bridge too far for me, especially because they are 
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based on process simulations. We have no biorefinery industry, and as a long-time process modeler and 
experienced engineer, I don’t think that we can predict the costs, and we should not try. We do not know 
the costs; the best that a model can do is to show relative costs, and users of the model will not know 
this. I am excited that the project will add properties of blends, and I think that will be a huge benefit and 
impact. One issue is that they should do a better job of highlighting the potential error, and I think they 
should cut off property projections when the error is significant. Many times, researchers are desperate 
for data, and they will use whatever they can find and ignore caveats. The project should assess the level 
of error that is acceptable and only publish those values. If this was based on products only, I would 
probably give it all 5s. I think we dilute its effectiveness by including everything. 

• This looks to be a very useful tool for industry, with some severe caveats. It appears that the data used 
for machine learning were generated by process simulation, so the result is essentially both machine 
teaching and machine learning; validation with real-world data would go a long way toward proving 
efficacy and use. 

• This was one of the talks where I felt that the presentation did not do justice to the potential of the 
product. It seemed to get caught up in the details before the underlying motivation was clearly 
communicated. The link to real-world value was also not made strongly, and some of the intrinsic 
limitations of the property prediction from structure, especially mixture properties, was not 
acknowledged. The management plan was superficial, even though the project structure is relatively 
simple, and it should have been given more attention. Has this been connected in any way to the 
“retrosynthesis” work on the Bio-JET project? The potential linkage is obvious. Aviation fuel…is then 
looking at cetane number? Why? Cetane has no real “meaning” in a turbine engine. That said, this is the 
beginning of what could be an extremely useful tool in the hunt for high-value biomolecules. 

 PI RESPONSE TO REVIEWER COMMENTS 
• Thank you for your feedback and thoughtful comments. We appreciate the detailed review of this 

project, and we are also excited about the potential impact of this tool to researchers, startups, and 
industry. Regarding the question on motivation, as stated in the presentation, the motivation for this tool 
is to enable users to rapidly screen for viable bio-derived molecules that could replace or substitute 
petrochemical intermediates, fuels, and chemicals. As a proof of concept, we focused on predicting jet 
fuel properties of individual molecules and blends (e.g., individual molecules with Jet A). Output from 
this tool will help guide biofuel development early in the R&D cycle to support more productive 
experimentation while reducing cost and time spent chasing dead ends.  

Concerning the amount of technical details in the presentation, we specifically targeted the level of detail 
DOE requested. Currently, this project has met all technical milestones, is on schedule, and is on budget. 
Given the purpose and length of the presentation, we did not present a detailed, scientific discussion 
about validating the models and calculating error. Technical details about the validation of our model are 
as follows: To validate the models, we split the data set and reserved 80% of the data for training and 
20% for testing. These test data are not seen by the model during training. We also used cross-fold 
validation methods to measure the prediction uncertainty. To validate the prediction’s reliability (i.e., 
estimate prediction error), we use absolute prediction errors that include calculating Euclidian distances 
of the nearest training compounds and approaches outlined by Roy et al. The prediction versus 
experimental data graphs shown in the presentation are a standard method for demonstrating the model’s 
predictive capability. Thank you for the excellent comment to highlight the prediction error and the 
appropriate cutoff thresholds. We will explore integrating functionality to let the user set the prediction 
error threshold. We will also leverage the methods described above to determine thresholds for removing 
property predictions with significant error.  
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Regarding our data, as stated in the slides, all property data used for training models are experimental. 
We fully agree that adding property predictions of fuel blends will further increase this tool’s potential 
impact.  

The reviewer is correct that cetane number is not relevant for turbine engines. Cetane number is, 
however, necessary for ensuring the stable operation of compression-ignition aircraft engines (see 
ASTM D1655 - Standard Specification for Aviation Turbine Fuels).  

Thank you for also noting the intrinsic limitations of property prediction from structure, especially 
mixture properties, using empirical methods. As shown in the slides, we are using machine learning to 
correlate experimental Fourier-transform infrared spectroscopy spectra to blend properties. This 
approach captures unique features of fuel mixtures and blends (e.g., with Jet A) without needing to know 
the exact composition of the refinery fuel. Results presented and shown in the slides demonstrate the 
prospect of this method for predicting blend properties.  

Regarding the cost predictions, the surrogate modeling approach (machine-learning model trained on a 
more computationally intensive mechanistic model) is increasingly common in a variety of research 
fields. We absolutely agree that validation with real-world data would be excellent, and this validation is 
done whenever possible; however, many of the fuel production routes included in the tool have not yet 
been commercialized and built at scale. The team has started integrating sugar-based routes (as opposed 
to lignocellulosic) in the tool, which contains more real-world data points for validation.  

Regarding the accuracy targets for the cost, the surrogate model accuracy can be measured, relative to 
the full-scale physics-based simulation, in terms of R-square and standard error. Because real-world 
facilities do not yet exist for many production routes, accuracy cannot be judged against those facilities.  

Regarding the ASTM classifications, the tool’s predictions fall somewhere in the range from Class 4 to 
Class 5. 
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DETERMINATION OF THE FEASIBILITY OF BIOFUELS IN 
MARINE APPLICATIONS—PART II 
Oak Ridge National Laboratory 

PROJECT DESCRIPTION 
A multilaboratory study—which includes Oak Ridge 
National Laboratory (ORNL), Argonne National 
Laboratory, NREL, and PNNL—was initiated to 
determine the efficacy of biofuels for the marine 
sector as a replacement or partial substitute for heavy 
fuel oil (HFO). Biofuels offer the opportunity to 
reduce GHG emissions and the carbon intensity of 
marine shipping, which current contributes 
approximately 2% of global carbon dioxide (CO2) production. The International Maritime Organization has set 
an ambitious target of reducing GHG emissions by 50% in 2050, and biofuels offer a solid approach to 
achieving that goal. 

The approach combines TEA and LCA with the technical feasibility of promising biofuels that exist within the 
BETO portfolio. Preliminary studies have been highly encouraging because bio-intermediates have 
demonstrated good compatibility, lower viscosity, and excellent combustion characteristics when blended with 
HFO at low levels. LCA shows positive benefits in reducing GHG emissions of biofuels for many production 
pathways. Preliminary TEA work is also encouraging. Industry stakeholders have been responding positively 
and are strongly supportive of a DOE BETO program on biofuels for the marine sector. 

 

WBS: 3.1.4.012 

Presenter(s): Jim Parks; Michael Kass; 
Tim Theiss; Missy Miller 

Project Start Date: 10/01/2020 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $380,000 
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Photo courtesy of ORNL 

 COMMENTS 
• This is an interesting project looking at the feasible use of biofuels for marine applications. It is a well-

managed project with a coherent and clear approach. It seems like the cost of logistics and the 
establishment of a supply chain, as well as preferred feedstocks per targeted location, should be 
emphasized and prioritized. Some of the commercial targets being pointed out (slide 16) look to be high 
for what is currently a commercially marginal fuel (HFO). Seeking advice from the commercial side of 
fuel/refining companies should be very helpful here. Connections and differentiation between this 
project and project 3.2.1.001 should be clarified. 

• Great amount of stakeholder feedback! Engine manufacturer, shipper, oil, and gas. This is the type of 
information that is critical for these types of projects. The management of this large task appears to be on 
point and using the strengths of multiple national labs effectively. The project should be collaborating 
with other NREL and FCIC projects to better incorporate project planning and lessons learned. The 
merits of biofuels for marine applications were reviewed, but those merits were not discussed in the 
presentation. It is unclear which, if any, pathways or fuels were eliminated from the study based on the 
work done. TEAs for all these processes have been done multiple times. It is not clear what work was 
leveraged and what work was new. There is a material compatibility project discussed in this Peer 
Review. The work between these two projects does not appear to be correlated. The project appears to 
provide a single repository for bio-oil information. This information could also be provided to Task 8 of 
the FCIC to support that project. The makeup of the bio-oil(s) chosen for this study is critical in its 
relation to the process and feedstock variables. How these bio-oils are chosen and how their differences 
impact the project results is important to plan, document, and understand. 

• The management plan was weak because there is no schedule or defined interaction by the tasks. It 
appears to be seven independent tasks. Also, there were numerous repeated slides between this and the 
first marine fuel project, but neither project addressed their relationship and interaction. This project has 
similar issues to the previous project. The management plan is insufficient because there does not appear 
to be traceability to the pathway and characteristics (pH, oxygen, etc.) of the bio-oil. It is not even clear 
whether all the bio-oil tests are conducted on the same type of bio-oil within this project and compared to 
the other marine fuel projects. Also, it is unclear whether the acceptable blending levels (e.g., 15% in 
combustion) will meet the 0.5 wt % sulfur specification. So, although there are encouraging results, it is 
unclear whether the blending strategy can meet specs, even at the overall goal of the sulfur level. It is 
good that the fuel is being tested using industry standard ASTM tests; however, there does not seem to 
be any consideration of impurities in the bio-oil (e.g., inorganics) that may not appear on an ASTM 
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specification because they are not found in petroleum but nonetheless could affect long term-engine 
performance. How is the project proposing to address these? I would not think that modeling would be 
sufficient, and longer-term engine testing may be more appropriate. The impact could be significant, but 
the path to commercialization is not totally clear. The stakeholder feedback slide was indicative of this 
because the feedback was just a bulleted list without any apparent organization or identification of key 
takeaways. It was also not apparent how this feedback was helping to guide the project. It appeared that 
the project needed stakeholder input, so it checked the box. The approach seems reasonable and 
technically sound, and good progress has been made toward goals. The overriding question that this 
reviewer has is why is the project comparing itself to HFO instead of very-low-sulfur fuel oil (VLSFO)? 
It seems that VLSFO is the current fuel standard, and any improvement should have been measured 
against this. The overall objective of the project is excellent because the commercialization of bio-oil-
based processes and fuels is impossible without understanding material requirements; however, I found 
the management plan lacking. It was simply a listing of who is on the project, without a clear outline of 
tasks, milestones, risks, or mitigation strategies. In addition, there was no description or specification of 
the “bio-oil.” A standard bio-oil should be used and specified, or the results are not useable. 

• This is one of three projects with the same general goal, yet none appear to be communicating with each 
other. Combined, there is no clear critical path, nor a pathway to the fastest implementation. Several of 
the findings in this project seem worth pursuing to gain a foothold in the industry for biofuels (e.g., 
viscosity impact), and there are good preliminary TEA findings. 

• This was a solid project across the board. The major concern, which is probably not the fault of the 
performers, was that this study should have preceded significant experimental, modeling, or standards 
development. It provides an excellent guide for the most promising directions in bio-derived marine 
fuels, though it is still far short of a comprehensive assessment. Only certain bio-liquids were considered, 
or at least only some were considered in depth. It was not clear precisely what the 
selection/downselection criteria were. There can be a great deal of variation in the liquids from one 
process to another, even within the same “family”—the impacts of known variations could have been 
better addressed. The number/density of the slides represented far too much information for the time 
available, and it meant that many topics were passed over far too quickly to be understood. The text and 
graphic density were far too great on some slides to be at all useful in a presentation format. The final 
product appears to be something of great use to the industry, and it is much needed considering pressures 
on sulfur levels and carbon intensity. 

 PI RESPONSE TO REVIEWER COMMENTS 
• In hindsight, we should have done a better job detailing the relationships and leveraging the individual 

projects and the differences between this study (3.1.4.010-013), which looked at multiple biofuels and 
pathways, and the complementary effort (3.2.1.001) that focused solely on bio-oil compatibility with 
marine residual oils. The bio-oil compatibility study began 4 years ago and was instrumental in setting 
up the current multi-lab effort. Note that the bio-oil study (3.2.1.001) is concluding this fiscal year, and 
we are going forward as a single effort with the marine biofuel feasibility study (3.1.4.010-013). The 
tasks within the larger project were designed to be highly interrelated and dependent on each other. For 
example, the results from the experimental work are used by the research teams conducting the TEA and 
LCA work to better define and improve their models. This interrelationship should have been clearer in 
the presentation. We did include details on tasks, milestones, etc., but, in hindsight, we should have 
provided more information, perhaps as a backup slide or two. This project does come across as too 
complex, and we will work on simplifying and clarifying the roles for future presentations. We also 
failed to mention that the bio-oil used in 3.2.1.001 was not (CFP) oil provided by NREL, and the 
feedstock was mostly pine. This bio-oil was provided to us in quantities (approximately 10 gallons) that 
allowed us to conduct several compatibility studies, both in neat form and as a blend with VLSFO. No 
other bio-oil was used in that activity. Because of the large quantity available, we were also able to 
conduct compatibility studies with relevant metals as part of the 3.2.1.001 activity. The bio-oils that we 
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are receiving as part of this study (3.1.4.010-013) have only just recently started arriving, and we have 
not yet completed the planned stability, rheology, and combustion experiments. We wanted to include a 
comparison of bio-oil with the HTL oils we had received earlier in the Peer Review presentation because 
there was valuable information related to the compositional differences that we felt were inherent 
between pyrolysis oil and HTL oil. Specifically, HTL oils comprise much longer and heavier molecular 
weight hydrocarbons than the pine-based bio-oil considered in 3.2.1.001. This finding influences the 
polarity and, hence, the compatibility of the oil. We realize that we should have made it clearer that we 
had leveraged the results from 3.2.1.001.  

We fully agree with the reviewer on the importance of the logistics. We had a late start on the logistics 
task, but it is now progressing at full speed. Our team has had discussions with U.S. and international 
port authorities and is currently collecting data. The logistics and feedstock supply teams are the same 
that have successfully evaluated these factors for aviation biofuels. This is important because the BETO 
program seeks to evaluate the use of separating the light-molecular-weight hydrocarbons for aviation 
from the heavier-molecular-weight cuts suitable for marine use. The reviewer makes a good point about 
collaborating with the FCIC. I confess that I was not familiar with the FCIC, but I have made inquiries 
and discovered that some members of the research team are involved with the FCIC. Also, NREL staff 
working in the FCIC space are also part of the marine biofuels research team; however, a more formal 
working relationship would allow a better exchange of information and issues.  

Yes, pathways have been discounted based on cost. We did show that some pathways are not cost-
effective, and these will not be pursued. Perhaps we should have highlighted this better. At first glance, 
the TEAs might appear repetitive, but they are continually being updated and revised as new data are 
received. The preliminary TEA and LCA activities were instrumental in identifying important properties 
and variables that need to be considered. At the same time, experiments and modeling activities are 
critical inputs necessary to perform these analyses. We agree that the study is not fully comprehensive 
because we are still in an early stage of development. We prioritized the pathways and feedstocks that 
have the most potential within the BETO portfolio for consideration in these analyses within available 
resources. Established biofuels, such as biodiesel and ethanol, have already been extensively analyzed 
for TEAs and were not reanalyzed here. We recognize that there is a great deal of variation in a biofuel 
family, and we are starting to look at compositional factors for their impacts on marine performance. We 
agree that probably too much information was packed into the presentation, but we wanted it to be well 
understood that a large amount of work was conducted in this effort to meet the stated project goals. 
Note that the TEA and LCA results have been reused and modified quite a bit as new information was 
received. This information included new cost data, pathways, stakeholder feedback, and technical 
findings related to biofuel performances. We fully anticipate that as the experimental work continues to 
progress, the TEA and LCA efforts will be improved.  

The reviewer is correct that bio-oil makeup significantly impacts its performance as a marine fuel. To 
date, we had received limited quantities and conducted experiments with the bio-oils we had on hand. 
We are getting newer bio-oils with varying processes, and we are understanding processing impacts on 
their performance as a marine fuel. Three types of pyrolysis-based bio-oils were selected for marine fuel 
evaluation: non-CFP oil, catalytic fast pyrolysis produced over Pt/TiO2 catalyst (bifunctional 
hydrodeoxygenation catalyst), and CFP produced over ZSM-5 catalyst (zeolite catalyst). For each, the 
whole bio-oil and residue fractions after the removal of the light components will be evaluated, resulting 
in a total of five to eight bio-oil samples. Non-catalytic pyrolysis oil was prepared from clean pine in 
NREL’s 2-inch fluidized bed reactor. For CFP oil over ZSM-5, oil was produced in NREL’s pilot 
facility. Based on these very recent results, we are now identifying compositional variables (such as 
oxygen content) that are important. Another comment addressed the lack of the traceability of the 
pathway and characteristics (pH, oxygen, etc.) of the bio-oil. Our response is that this information is 
available, though it was not included in the slides. For instance, we found CFP oils to be more 
compatible with VLSFO than the non-catalytic pyrolysis oils because they have lower oxygen contents 
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and, hence, will be more miscible with hydrocarbon compounds. The two oils that behaved the best so 
far are CFP oils prepared over the Pt/TiO2 catalyst (7195-077, which is whole oil, and 7070-034, which 
is the high-boiling fractions of that type of oil). The other oils that were less compatible were catalytic 
oils prepared over a zeolite catalyst (ZSM-5), which was less effective at upgrading than those prepared 
over Pt/TiO2. We are now examining bio-oils produced via different pathways and determining the 
compositional effects. Note that we have the bio-oil specs and included these in recent publications. We 
agree that using both HFO and VLSFO terminology is confusing, and we apologize for the inconsistent 
terminology. The work in this study is using VLSFO as the baseline, not high-sulfur HFO, and this 
should have been made clearer. Biofuels are not needed to reduce the sulfur content, but they have 
significant potential for cutting the overall life cycle GHG and other emissions and might offer an 
additional efficiency benefit.  

Regarding our lack of consideration of the impurities in bio-oil, we intend to evaluate impurities through 
compositional analysis. We have not yet considered the impurity impacts on engine performance. The 
biggest concern will be filter plugging, which is important, and yes, we need to consider potential 
negative impacts due to impurities. We fully agree that engine testing is necessary to obtain more 
accurate performance and emissions data. The LCA activity, in particular, needs experimental validation 
to accurately assess the true GHG profiles. Setting up engine experiments is time-consuming and 
expensive, and we could not accomplish this during the current fiscal year. We are planning on future 
engine-based experimentation, and we are exploring four-stroke and two-stroke options. This project is 
fulfilling a key step in the pathway to commercialization by providing information to the maritime 
sector. Our industry stakeholders have made it clear to us that they do not want to see us favoring one 
fuel type over another; rather, they need for us to provide them with information they can use to decide 
on and develop strategies to reduce GHG emissions. This is a role well suited for DOE labs. As noted by 
one reviewer, we did not provide a complete listing of all our stakeholder interactions and, in hindsight, 
should have included the full non-abbreviated listing as a backup slide. We have had a number of 
discussions with the stakeholder community (in both group and individual settings), and they have been 
important in directing us toward biofuels of interest and those that are not, including baseline fuels such 
as natural gas. The feedback slide was, in fact, a listing of key takeaways. We should have made this 
clearer in the presentation. 
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EVALUATION OF BIO-OILS FOR USE IN MARINE ENGINES 
Oak Ridge National Laboratory 

PROJECT DESCRIPTION 
The maritime sector represents a large potential 
market for biofuels, which are naturally low in sulfur 
and significantly lower in global GHG emissions. 
This task aims to determine the technical feasibility 
of using biofuels, particularly minimally upgraded 
bio-oils, in marine engines in place of current HFOs. 
Results indicate good blending compatibility with 
market fuels, resulting in stable blends that do not 
precipitate asphaltenes. Blend viscosity was 
favorable, offering potential efficiency gains through reduced heating requirements. Blends of up to 15% bio-
oil indicate acceptable ignition properties, though higher blend percentages will likely require engine/process 
modifications to avoid polymerization of the bio-oils at high temperatures. To evaluate expected efficiency and 
emissions impacts in the slow-speed two-stroke engines comprising approximately two-thirds of the global 
fuel market, a digital twin model of a 1:10-scale two-stroke research engine at ORNL was developed. This 
capability can be used for screening candidate biofuels in the future. Options for obtaining efficiency and 
emissions impact data for medium- and high-speed four-stroke engines—which comprise approximately one-
third of global marine fuel use but the majority of the inland, naval, and cruise fleets—are being scoped. 

 

COMMENTS 
• This project is on the evaluation of bio-oil use in marine applications. It focuses on the technical 

feasibility of “some” bio-oils from a clearly experimental and detailed modeling perspective. 
Connections and differentiation between this project and project 3.1.4.012 should be clarified. 

• I appreciated how the team is approaching the challenge of testing unavailable fuels in large unavailable 
engines. This does not remove the overall requirement, however, that this be done at some point as part 
of another project to validate the results provided here. The business strategy and implementation for 

WBS: 3.2.1.001 

Presenter(s): Jim Parks; Michael Kass; 
Tim Theiss; Missy Miller; 
Brian Kaul 

Project Start Date: 10/01/2017 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $722,873 
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marine engines is nearly as important as the technology. The overall plan for the implementation was not 
fully discussed. It is difficult for the reviewer to understand where this project is in the overall project 
(i.e., fuel in ships) being complete. The lack of industry support for this project troubles this reviewer. If 
this is a challenge in the industry with a current new standard to meet, then industry should be pouring in 
dollars and time to meet this challenge; however, they seem rather silent, leading to the obvious question 
of whether this is a problem or not. It is not clear how the international maritime rules are to be enforced 
or in which countries. This is a great example of a project within DOE that is attempting to make inroads 
into a new market that could support multiple companies nationally. The project does not address 
whether the 15% blend helps the industry meet the standard specified. The oxygen content of the bio-oil 
should be consistent and realistic for the multiple technologies that are being evaluated. The project did 
not specify which bio-oils they were using in this project and did not appear to believe that the selection 
of these bio-oils and their pathways was a critical evaluation metric for the project. It would have been a 
very helpful to understand what range of fuels were under study in this project because not all bio-oils 
are the same, and the specific makeup of the bio-oils is important to distinguish. Additional work is 
needed on logistics to determine the correct feedstock(s) that can be used in the multiple ports that will 
provide the industry and consistent fuel. The overall plan of this project and its relationship to the 
overarching plan to develop this industry were not clear. Project metrics are lacking. The end result of 
this project is unclear. There is a lot of potential impact to make bio-based marine fuels viable, but how 
far this project will bring this into fruition is unclear. The U.S. Department of Defense also utilizes four-
stroke engines in parts of its feet and should be included in this work as a stakeholder. 

• The management plan is adequate for a single-lab project, but some procedures, such as the selection of 
bio-oils for testing, are not laid out. The fact that a limited range of oils were considered from the 
spectrum of liquefied biomass, with few/no samples of other bio-liquids, limits the impact. The project 
will serve as a reasonable example for further work, less than a truly standard set of certification tests. 
Even VLSFO, for example, varies somewhat from one batch to another and from one supplier to another. 
The stability of bio-oils was considered to some degree, but it was not fully addressed. Property changes 
over time in the context of onboard storage could effect significant changes in the results. It was not 
clear that the level of certainty about potential bio-based marine fuels justified the level of model 
development seen here. Fuel selection, blending, property, and blending tests probably should be more 
extensive before much modeling is done. There were more than a few points of confusion concerning 
exactly what was done in each of the three ORNL projects related to this and to what degree they were 
fully integrated. Perhaps there was (or needed to be) a management plan one level up. 

• The project needs to be clear about the bio-oil specification and how this project coordinates with the 
other project. It is not clear that the management plan is considering these significant handoffs. Bio-oil 
should be specified, at a minimum, by feedstock, process, acid content, oxygen content, pH, and oxygen 
speciation. NREL, or whoever is supplying the bio-oil, should have some type of naming convention, 
and, if possible, all tests should be run with the same lot or at least the same methodology. When this is 
not done, we cannot be sure that our comparisons are appropriate. This is a management issue. It seems 
that VLSFO should be the standard for TEA, not HFO, because this would be the fuel that any blend 
would need to compete against. I do not understand why everything seems to compare to HFO. The 
project should evaluate the impact of the drop-in viscosity on the heating requirements and/or any other 
process improvements. The impact could be high, but it was not clear how the results of the study and 
the model development were received by the stakeholders and what next steps may be. The path to 
commercialization should be made more clear. 

• This is a very ambitious project in that it attempts to model all combustion kinetics for a huge number of 
components and a large number of feedstocks. In addition, it appears to assume that bio-oils will remain 
consistent with the original source. The efficiency improvement seems superfluous in this project; the 
goal should be to determine the compatibility to facilitate replacement, not complicate 
commercialization by requiring biofuels to perform better than those they replace. 



2021 PROJECT PEER REVIEW 

 

1193 SYSTEMS DEVELOPMENT AND INTEGRATION 

 PI RESPONSE TO REVIEWER COMMENTS 
• We apologize for the lack of clarity on the connections and differentiation between this project and the 

multi-lab projects 3.1.4.010–013. This task (3.2.1.001) began 4 years ago with a focus on initial 
feasibility studies considering the compatibility of bio-oils with marine engine applications and was 
instrumental in setting up the current multi-lab project, which has a broader scope, including other 
barriers to commercialization. It will be ending this fiscal year, with future work being conducted within 
the larger multi-lab collaboration. Stakeholder engagement and the evaluation of the big-picture path to 
commercialization will continue to be a focus of that project going forward. Blends of, e.g., 15% bio-oil 
are considered a necessary pathway to the widespread use of biofuels as they become increasingly 
available over time. Even with 100% biofuel usage as the future target, lower blend levels will be needed 
in the transition period, and thus a good understanding of compatibility with current market fuels is 
required. When this task was initiated, the switch from HFO to VLSFO was still several years in the 
future, and the baseline terminology was set accordingly, with a focus on sulfur reduction. As the 
industry has navigated that transition and its focus has turned to CO2 reduction, the terminology for the 
baseline market fuel has shifted accordingly. Blends considered here were conducted with VLSFO rather 
than high-sulfur HFO; we apologize for the inconsistent terminology. TEA is being conducted under the 
multi-lab collaboration in 3.1.4.010–013 rather than as part of this task. We agree that engine testing will 
certainly be necessary to fully address the knowledge gaps around bio-oil impacts, to develop better 
combustion kinetic mechanisms, and to validate modeling results. We are working to identify the best 
means to generate relevant engine data for these purposes going forward. Long-term stability will also be 
important, as noted by the reviewer. Plans for evaluating this are being developed for proposed future 
work within the multi-lab collaboration. Consideration of a larger variety of biofuel compositions is also 
planned. 
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EVALUATE NEW BIOMASS-DERIVED LIQUID FUELS FOR 
MATERIALS COMPATIBILITY 
Oak Ridge National Laboratory 

PROJECT DESCRIPTION 
The ultimate objective of this project is to identify the 
components of bio-oils that cause degradation of 
metallic and nonmetallic materials, to determine the 
degradation mechanisms, and then to acquire 
sufficient information so that materials with 
acceptable corrosion resistance can be identified. By 
achieving these goals, we should be able to provide 
guidance to system designers and operators so that 
materials issues should not prevent the successful commercialization of any biomass liquefaction technology. 

We have conducted and continue to conduct short- and long-term exposures of metallic and nonmetallic 
samples in bio-oils to identify materials suitable for storage and transport of bio-oils We have identified formic 
acid as a major contributor to the corrosion of metallic materials under storage conditions, but there may be 
other acids and potential chelating agents that contribute to the degradation of alloys with less than 10%–14% 
chromium—depending on the acidity of the bio-oil. For nonmetallic materials, the ketones and possibly 
aldehydes cause rapid degradation of some materials, and fundamental studies are underway to better 
understand the mechanism. 

We have provided and are continuing to provide samples to national laboratories, universities, and commercial 
organizations for exposure under operating conditions. We know that under short-term exposures, coking is an 
issue, and we are investigating whether there are alloys that might be more resistant to coking. For longer-term 
exposures under operating conditions, we know that the oxide layer that forms on the surface of stainless steels 
is often porous and does not provide sufficient protection, leaving the alloy susceptible to intergranular 
corrosion. We suspect that minor elements in biomass hinder the formation of a protective oxide layer on the 
stainless steel. Further studies are needed to better define the corrosion mechanism and to identify more 
resistant materials. 

The final result of this project will be the identification of corrosion-resistant, cost-effective materials such that 
materials issues do not prevent the successful commercialization of any biomass liquefaction technology. 

WBS: 3.2.1.003 

Presenter(s): Jim Keiser; Jim Parks; Tim 
Theiss; Missy Miller 

Project Start Date: 06/23/2009 

Planned Project End Date: 09/30/2018 

Total DOE Funding: $1,452,500 
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COMMENTS 
• This is an evaluation of the effects of bio-oils in materials. There is some confusion in targeted alloys (it 

is unclear how common some of them are). Some important questions remain unanswered in terms of the 
cost of these alloys beyond their metal content. How available and ready to source are they? 

• Slide 14: It was unclear whether factors were studied other than volume (swelling?) before concluding 
that all the plastics were acceptable for bio-oil/biocrude. The work plan for this project did not appear to 
collaborate with the FCIC team that is also conducting MOC studies. Techniques or lessons learned 
could have resulted from this collaboration. It is unclear whether welding material is a separate part of 
the study. I really liked the approach to obtaining several pieces of equipment that were used in operation 
without creating your own hydrotreating unit. The process differences between the three different places 
would have been good to address. The goal of this project should be to identify not only whether ash is 
responsible for corrosion, but also which species. Because bio-oils can vary greatly depending on the 
feedstock and process, the mechanism of corrosion should be understood before concluding the effort. 
The application in hammer mills and heater tubes appears to be premature to the overall question of 
MOC compatibility. Why are we looking at hammer mills and heater tubes when we have not answered 
the fundamental question on this project, which is what materials are suitable for bio-oils production? 
The answer cannot be some noncommercial alloy. 

• The technical approach is very strong on the technology and testing methodologies; however, I was 
struck by the lack of standard test specifications and some type of overall outline of which tests would be 
required for commercial use. Are there no ASTM standards or other standards that materials must meet 
for storage or transport? This seems to be critical. Further, I was surprised that the team was developing 
new materials. Is there enough budget and time to get this done? Is this the best use of funds? The 
impacts should also be strengthened. It was great to see that the team took note of previous reviews and 
are disseminating their findings. Perhaps instead of developing new materials, the team could focus on 
developing standards and recommendations for storage and the transport of fuel bio-oils. It is not clear 
that the avenues selected for disseminating the findings are the most relevant. The progress and 
outcomes are the best part of the project. It is clear that good work is being conducted and many helpful 
things are being learned. Having a clearer plan and a more narrow approach with stronger input from 
industry would significantly improve the project. 
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• There are a number of issues, none serious, but together, they seem to make this project less useful than 
it might have been. Alternate or exotic materials were not clearly of value. The MOC evaluation seem to 
have been part of the motivation, but why not study these in the context of material that might be used, 
or better yet, that are already used in equipment where bio-oils might be handled? In terms of staff 
employed and equipment utilized, some were more obviously of value than others, and it begs the 
question: Were people and facilities used “because they were there” or out of clear justification? The 
latter is not clear in all cases. In some cases, the more sophisticated testing might be justified for 
materials selection for an actual project, but with only sample evaluation versus a handful of bio-oils, 
may be too much. It was disappointing to hear that facilities were not available for high-temperature 
studies. This put exposure testing in the hands of third parties, and no doubt into more potentially 
variable and/or inadequately characterized conditions. It seems like Ensyn and NREL are the only bio-oil 
sources being used at ORNL, and this is certainly not a broad enough spectrum. At least a handful of 
comparison tests should be carried out using other oils. (It should be a requirement of BETO funding that 
samples be made available, under nondisclosure agreement, for testing of this sort.) 

• This project directly supports two others studying bio-oils for marine fuels use, but it does not appear to 
be communicating with those other projects; although the data and conclusions being generated are 
important, there is no clear pathway toward commercialization. The purpose behind the addition of solid-
phase processing to the scope is unclear and appears to be a distraction from the timely completion of the 
work needed to support the use of bio-oils as fuels.  

PI RESPONSE TO REVIEWER COMMENTS 
• Response to all reviewers: This is a very large project with seven separate tasks, and covering all of it in 

20 minutes was impossible. In hindsight, it would have been better if there had been time to provide 
more background, but our presentation, for the most part, built on what we have reported in previous 
reviews. Because this is all new material to the reviewers, we apologize for the lack of background 
information.  

Regarding the comment, “Slide 14: It was unclear whether factors were studied other than volume 
(swelling?) before concluding that all the plastics were acceptable for bio-oil/biocrude”: Our studies of 
nonmetallic materials have considered many other materials (elastomers and polymers) and other 
properties, including wet and dry hardness. We have also looked at structural changes using dynamic 
mechanical analysis to determine whether there are any changes in the glass-to-rubber transition 
temperature. This is an expensive test, so we are selective in its use. In the past, we have also conducted 
tensile tests, but, again, these are expensive to run, so we must be more selective. The volume and 
hardness changes are much more readily applied to large numbers of specimens.  

Regarding the comment, “The work plan for this project did not appear to collaborate with the FCIC 
team that is also conducting MOC studies. Techniques or lessons learned could have resulted from this 
collaboration”: In fact, we have close collaboration with the participants in the materials task of the 
FCIC project. Several of us are participating in both projects, and we definitely work together. The FCIC 
project is addressing the initial processing of biomass, whereas this project is considering the effect on 
materials for biomass liquefaction and gasification and the subsequent storage and transport of bio-oil.  

“It is unclear whether welding material is a separate part of the study.” We are not separately addressing 
welding materials, but we do consider the effect on welds when we examine welded components that 
have been exposed in operating systems. “I really liked the approach to obtaining several pieces of 
equipment that were used in operation without creating your own hydrotreating unit. The process 
differences between the three different places would have been good to address.” We realize it would 
have been more informative to you if we had defined the differences between the exposure conditions, 
but, in fact, we have examined samples from more than a dozen exposure conditions. We should have 
provided a better description of the samples we reported on.  
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Regarding the comment, “The goal of this project should be to identify not only whether ash is 
responsible for corrosion but also which species”: In unreported studies, we have not found ash to be a 
major factor in corrosion—it is more the carboxylic acids for metals and ketones for some elastomers. 
The bio-oil composition seems more determined by process technique and processing conditions.  

Regarding the comment, “Because bio-oils can vary greatly, depending on the feedstock and process, the 
mechanism of corrosion should be understood before concluding the effort”: As noted, understanding the 
degradation mechanism(s) is necessary before we can make competent recommendations of structural 
materials. By analyzing corrosion products and conducting detailed examinations of corroded 
components, we expect to be able to define the degradation mechanisms in more detail than we currently 
can.  

Regarding the comment, “The application in hammer mills and heater tubes appears to be premature to 
the overall question of MOC compatibility. Why are we looking at hammer mills and heater tubes when 
we have not answered the fundamental question on this project, which is what materials are suitable for 
bio-oils production?”: The solid-phase processing task specifically calls for us to identify alternate 
materials to those currently in use for selected “challenge areas” in the corn ethanol production process 
and the MSW gasification process. Wastage of hammers in the milling of corn and the degradation of 
pulse heater tubes were identified by the industry organizations as areas where they would like help in 
identifying alternate materials.  

Regarding the comment, “The answer cannot be some noncommercial alloy”: We agree that the 
noncommercial “model” alloys are not the solution, but they allow us to determine the effect of 
compositional variations on corrosion in specific environments. Once we can define the optimal 
composition of alloying elements, we can recommend commercial alloys that are similar in composition.  

Regarding the comment, “This is an evaluation of the effects of bio-oils in materials. There is some 
confusion in targeted alloys (it is unclear how common some of them are)”: In a few cases, we are using 
model alloys to determine the effect of variations in alloy compositions, but we will always relate the 
results to commercially available alloys when we make recommendations for structural materials for 
specific applications. “Some important questions remain unanswered in terms of the cost of these alloys 
beyond their metal content. How available and ready to source are they?” One primary consideration in 
our recommendations will be to identify the most cost-effective alloys—we will consider corrosion 
resistance, availability, and cost.  

Regarding the comment, “This project directly supports two others studying bio-oils for marine fuels 
use, but it does not appear to be communicating with those other projects; although the data and 
conclusions being generated are important, there is no clear pathway toward commercialization”: Again, 
this is a situation where we should have provided more information. In fact, there is good 
communication; the leader of the marine fuel studies is the leader of our task on the degradation of 
nonmetallic materials. Several of us are involved in both projects, and we apologize for not making that 
clear.  

Regarding the comment, “The purpose behind the addition of solid-phase processing to the scope is 
unclear and appears to be a distraction from timely completion of the work needed to support the use of 
bio-oils as fuels”: The solid-phase processing task is addressing alternate materials for “challenge areas” 
identified by the process operators, and we will consider certain coating process and friction stir welding. 
We are also including alternate conventional materials in our testing as well as processing conditions, 
such as carburizing and nitriding, to address fouling and wear issues.  

Regarding the comment, “The technical approach is very strong on the technology and testing 
methodologies; however, I was struck by the lack of standard test specifications and some type of overall 
outline of which tests would be required for commercial use”: There is a separate project addressing 
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alternate testing methods and the development of testing procedures. As in other projects, two of our 
team members with strong chemistry backgrounds are participants in the project on test specifications 
and procedures. There is some consideration to incorporating the standards and procedures task in our 
materials degradation project for FY 2022.  

Regarding the comment, “Are there no ASTM standards or other standards that materials must meet for 
storage or transport?”: There are standards for transport and storage of petroleum-derived oils and fuels, 
but, as we discovered for acidity measurements, those standards and procedures are not always suitable 
for biomass-derived oils and fuels. For FY 2022, we are proposing to add a task to specifically address 
whether the standards and procedures for petroleum-derived products are suitable for biomass-derived 
fuels—particularly jet, marine, and diesel fuels. This seems to be critical.  

Regarding the comment, “Further, I was surprised that the team was developing new materials. Is there 
enough budget and time to get this done? Is this the best use of funds?”: Our presentation must have 
been misleading; we are not developing new materials. We have made model alloys specifically to help 
us determine the effect of small compositional variations on corrosion resistance, but these are not 
expected to be developed commercially or actually used in operating systems.  

Regarding the comment, “The impacts should also be strengthened. It was great to see that the team took 
note of previous reviews and are disseminating their findings. Perhaps instead of developing new 
materials, the team could focus on developing standards and recommendations for storage and the 
transport of fuel bio-oils”: As just noted, we are not developing new alloys, and we agree that attention 
needs to be given to the evaluation of existing standards and procedures developed for petroleum-derived 
fuels to determine their suitability for biomass-derived fuels.  

Regarding the comment, “It is not clear that the avenues selected for disseminating the findings are the 
most relevant”: We would welcome any recommendations on other methods of disseminating our 
results. We can reach other researchers and the operators of existing systems, but we would appreciate 
advice on how to reach process designers.  

Regarding the comment, “The progress and outcomes is the best part of the project. It is clear that good 
work is being conducted and many helpful things are being learned”: We appreciate the positive 
comments about the project, and we believe we are acquiring some useful information that will be of 
value for those responsible for selecting structural materials.  

Regarding the comment, “Having a clearer plan and a more narrow approach with stronger input from 
industry would significantly improve the project”: We are working with a few industries/commercial 
system operators, but a lot of the process developers are very secretive about their processes. We have 
nondisclosure agreements with a number of organizations, and those have enabled us to get some 
information and access to facilities; however, we would certainly welcome any advice you can offer on 
how to get our results more widely disseminated.  

Regarding the comment, “There are a number of issues, none serious, but together, they seem to make 
this project less useful than it might have been. Alternate or exotic materials were not clearly of value. 
The MOC evaluation seems to have been part of the motivation, but why not study these in the context 
of material that might be used, or better yet, that are already used in equipment where bio-oils might be 
handled?”: We apologize that the impression we gave was that exotic materials are of more interest than 
the determination of mechanisms. Our studies of degraded components from operating systems are 
helping us identify mechanisms and are providing guidance on the selection of alternate materials that 
might perform better than currently used materials. The operating systems are using conventional 
materials, and any exposures we conduct in the operating systems utilize commercially available 
materials. Apparently, our presentation mistakenly gave the impression that exotic and model alloys are 
major parts of the program, but that is not at all the case.  
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Regarding the comment, “In terms of staff employed and equipment utilized, some were more obviously 
of value than others, and it begs the question: Were people and facilities used ‘because they were there’ 
or out of clear justification? The latter is not clear in all cases. In some cases, the more sophisticated 
testing might be justified for materials selection for an actual project, but with just sample evaluation 
versus a handful of bio-oils, may be too much”: Certainly, some tasks have higher visibility than others, 
but the chemical characterization of bio-oils is essential, whereas corrosion testing of metallic and 
nonmetallic materials is at the heart of the project. Characterization of degraded samples is a critical 
follow-up of the corrosion testing. There are a couple tasks that are more fundamental in nature, but they 
are providing information to help us understand corrosion mechanisms. We believe all the tasks are 
justified, and the tasks included in the project have evolved over time as we see a need for an additional 
study.  

Regarding the comment, “It was disappointing to hear that facilities were not available for high-
temperature studies. This put exposure testing in the hands of third parties, and no doubt into more 
potentially variable and/or inadequately characterized conditions”: High-temperature pyrolysis 
environments cannot be adequately simulated in lab conditions for corrosion testing (by us or anyone 
else we are aware of). Instead, we utilize in situ exposure of alloys in pilot-scale pyrolysis systems. We 
are very interested in working with other entities to have a pilot-scale system run long term under 
controlled operation conditions devoted to corrosion studies. We have proposed such a new task, and we 
have, so far unsuccessfully, investigated the possibility of long-term exposure studies in commercial-
scale pyrolysis systems in North America and Europe.  

Regarding the comment, “It seems like Ensyn and NREL are the only bio-oil sources being used at 
ORNL, and this is certainly not a broad enough spectrum. At least a handful of comparison tests should 
be carried out using other oils. (It should be a requirement of BETO funding that samples be made 
available, under nondisclosure agreement, for testing of this sort.)”: Again, we had too little time to 
provide as much background information as would have been appropriate. In fact, we have gotten bio-
oils from both domestic and foreign sources. Other domestic sources include PNNL, Iowa State, the 
University of Massachusetts, Virent, and others, and international sources include CanmetENERGY and 
Ensyn in Canada and VTT in Finland. 
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THE ENGINEERING OF CATALYST SCALE-UP 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
The goal of this project is to create a flexible, 
engineering-scale catalyst synthesis capability within 
BETO to develop the critical scientific basis of 
catalyst scale-up required to translate emerging 
biomass conversion materials from the laboratory to 
commercial relevance. The utilization and 
performance verification of next-generation catalyst 
materials at the engineering scale requires the development of strategies for preparing complex technical 
bodies suitable for large-scale operation. Moreover, the impact of translating the syntheses of these catalysts 
from the laboratory scale to the engineering scale on the key catalyst physical properties is nontrivial and 
remains largely unexplored for research catalysts being developed in BETO’s conversion portfolio. The 
establishment of a robust technical catalyst development cycle is critical to enabling the evaluation of 
advanced catalytic materials and to reducing the risks associated with the commercial adoption of these 
technologies. At its onset, this project focused on scaling up SOT catalysts for the CFP and methanol to high-
octane gasoline pathways while concurrently developing a capability that is broadly applicable to the catalysts 
developed across BETO’s portfolio. This presentation will highlight the unique capabilities and scale-up 
methodologies developed by this project that are specifically tailored to the demands of BETO’s biomass 
conversion pathways. 

 

WBS: 3.3.2.701 

Presenter(s): Fred Baddour 

Project Start Date: 10/01/2018 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $373,614 
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Photo courtesy of NREL 

COMMENTS 
• This is an interesting project and a good idea for NREL to look into. It is questionable whether the team 

has enough industry knowledge and/or enough industry input. Input should be along the whole life cycle 
of catalysts, not only the design/manufacture but also use and end-of-life questions. I have the usual 
questions about precious and rare metals as part of the catalyst composition. 

• The project is much needed because being able to scale up catalysts for biomass technologies is critical, 
and it has the potential to have significant impacts. The approach used is fantastic, and it was great to see 
that the project team followed previous reviewers’ recommendations. The description of the overall 
management plan could have been more detailed, but it is noted that there is an industry advisory board 
(IAB) with representatives from across critical industries. 

• This is a great project that is directly addressing one of the major issues for the scale-up of 
thermochemical processes. It has an excellent IAB, and using an industry-guided approach to process 
development will go a long way toward bridging the gap to commercial-scale operations. It is unclear 
how much the result of this project will be available to industry startups; additional information around 
post-project implementation would be helpful. 

• This is a poorly chosen direction for a project. Catalyst innovation is perfectly reasonable as an activity 
for BETO and in the labs under BETO’s support. Catalyst scale-up would be akin to getting involved in 
the detailed mechanical design and fabrication of airlift fermenters. It is a step beyond the R&D range of 
TRLs, and there are plenty of commercial firms that do it very well. Even refining and chemical 
companies with revenues in the tens or hundreds of billions of dollars, active in internal catalyst R&D, 
often go to external catalyst vendors for commercial catalyst development and scale-up. It is far too 
broad and complex a craft to be developed within the national labs. Within the DOE EERE Advanced 
Manufacturing Office, perhaps, one could imagine an effort to advance the underlying technology for 
catalyst scale-up, but for BETO, there is no need for such a capability simply to advance its aims, and to 
advance the art of catalyst scale-up itself is outside its mission. 

• What better project to have than one that highlights the challenges going from the lab to commercial and 
provides tools to ease those challenges? The problem addressed by this project is a great example of 
providing the industry with tools they need to be successful. Demonstration of catalyst is often done 
from tolling producers who can provide initial batches for testing from their own pilot plants. The 
equipment in those plants is not flexible, and certain decisions are made that may not be ideal for catalyst 
production based on what is available. It would be beneficial to understand which company offered 
which type of manufacturing method and where it was located. Great job defining “engineering-scale 
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quantities,” slide 14. Good effort working on two known DOE catalysts to review this process. The 
assumption is that the work is not finished with these initial results and that the team will evaluate the 
recipe and equipment used to make the catalyst and keep progressing toward acceptable results. A list of 
target catalysts developed by DOE should be put through this process to increase their value to industry. 
Are existing pilot trial runs (such as that at PNNL) being swapped out with catalyst made by this 
equipment? It would be of benefit to survey which catalyst production processes are possible within the 
national labs and which processes are used in the commercial industry to highlight any gaps. It looks like 
some form of this has been done, but the full breadth of the survey was not clear. 

 PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their thorough and insightful comments into the state of the project and the 

scope of the challenges it seeks to address. We appreciate the reviewers’ feedback on the importance and 
need for industry input for this project, and we will seek to increase industry involvement and 
engagement within this project. 
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SOLID LIGNIN RECOVERY 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
Valorizing the lignin residue remaining after the 
enzymatic hydrolysis of pretreated biomass is 
necessary for realizing cost-effective 
biofuels/bioproducts from a biochemical pathway. 
But no clear options existed at the start of this project 
for achieving high recovery of dewatered and washed 
lignin solids at low water usage rates using 
commercially available, solid-liquid separation equipment, particularly for lignin derived from the 
deacetylation and mechanical refining process or caustic-based pretreatment. This separation is challenging 
due to the lignin’s small particle size (10-µm mean) and low particle settling velocities. Our goal is to find an 
economic solution for recovering solid lignin by first investigating non-flocculated separation processes and 
then a flocculated process if needed. In FY 2020, we reviewed commercial separation techniques and then 
tested several processes that seemed most able to meet the goals. The work generated data for TEA for 
comparison to a baseline model using flocculation. Decantation (decanter centrifuge) with multiple-stage 
washing and cross-flow filtration both produced an MFSP below the baseline value by $0.21/GGE and 
$0.03/GGE, respectively, generating a decision to further explore and optimize the performance of these 
processes. Work in FY 2021 will explore the scale-up performance of cross-flow filtration, decantation, and 
dynamic cross-flow filtration at higher solids loadings, generating more rigorous pilot-scale data sets. 

 

COMMENTS 
• This project is interesting, but it is unclear in the scope and goals. Why is it included here (SDI)? 

Shouldn’t it be part of the biochemical technology development? 

• Immense funding has been given specifically to the DMR process, but none of that funding appears to be 
going toward promoting this process within industry. It is not clear whether there is a special advantage 
of DMR-derived lignin or how it compares to other recovered lignin from other processes. The 

WBS: 3.3.4.601 

Presenter(s): Dan Schell  

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $430,000 
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presentation did not delve into other current lignin-producing technique advantages or disadvantages 
compared to DMR. Additionally, the economics of the options studied were indeed provided, but the 
technology advantages and disadvantages of the processes were not discussed. The approach (slide 8) 
shows the desire for investigating more non-flocculating options, but the TEA shows only a flocculating 
path. It is unclear if the TEA was developed within this group or by another team. The concern is that the 
team may make the TEA lean toward the direction that they prefer to investigate. It is unclear what the 
price point of lignin or its application in the TEA is based on. The baseline model really should be 
burning the lignin or perhaps discarding the lignin without any additional processing. In this way, the 
value of any additional processing is made clear. The team provided data from three different processes 
but did not provide an explanation of what was learned by the data presented or whether the data were 
simply used to inform the TEA. If this was a unique or new way of utilizing this equipment, there should 
have been some lessons learned in its operation. It is not clear if the OEMs were involved in this study or 
whether the equipment has been optimized for the process. Metso was notably quoted in the 
presentation, but it is not clear what role they had in the project. The project provided a good review of 
the different options tested as part of the project. It is not clear how long these tests were run or what 
other process information was acquired, if any. Coordination with the FCIC may have provided 
additional factors to measure that may have impacted performance. 

• It is extremely difficult to accept the dollars/prices quoted here. The number of pieces of equipment 
required—including multiple, complex, solids-processing pieces of rotation machinery—and the idea of 
even considering dynamic cross-flow filtration for products of such values make the costs quoted not 
credible. The scale at which lignocellulosic biomass plants will need to operate makes this multiplicity of 
exceptionally costly unit operations extremely unlikely to produce fuels at anything like the quoted price. 
A solid-liquid separator, then a screw feeder, then a disc refiner, then a secondary mill, then the 
separation of very fine lignin solids…it just goes on and on. I would not spend one more penny on this 
technology without an objective third-party assessment of the economics. This technology looks closer 
to pharmaceutical processing than fuels, and the product prices would likely need to be more like pharma 
as well. 

• The project is well managed and has a well-thought-out approach that is on target. The only area of 
concern is the overall impact of the project. Although the DMR process is used internally and the team 
members shared their experience with the excellent fermentability of the substrate, it is unclear if the 
DMR process is supported by industry and will be scaled up. 

• This project is focused on DMR-derived lignin, and, as such, it seems like it should be supported by that 
project and not SDI, which targets the commercialization of technologies. Additional detail around the 
TEA and the size of the market for lignin derived via this methodology would have been greatly 
appreciated; it is unclear whether the market would support a significant primary product quantity. 

 PI RESPONSE TO REVIEWER COMMENTS 
• We appreciate the reviewers’ comments and their efforts reviewing this work. This project’s primary 

goal is to ascertain if commercially available solid-liquid separation technology can effectively recover 
solid lignin generated after the enzymatic hydrolysis of treated biomass. Although the focus has been on 
DMR-derived biomass, the results should generally be applicable to any aqueous-phase pretreatment 
process; however, we have found that DMR-derived lignin is the most difficult to separate, and for this 
reason, this material was used in this work. Until now, only flocculation has produced an acceptable 
separation, but flocculants are costly, and there are unknown downstream impacts; therefore, the specific 
objective is to find an alternative and more cost-effective separation option using pilot-scale test results 
for TEA. This is high-TRL work that we believe is well aligned with the SDI’s mission to facilitate 
commercialization. TEA was performed by the NREL process analysis team using previously 
established models. These models include DMR and lignin utilization process design and economics as 
documented in NREL’s 2018 design report (https://www.nrel.gov/docs/fy19osti/71949.pdf), which has 

https://www.nrel.gov/docs/fy19osti/71949.pdf


2021 PROJECT PEER REVIEW 

 

1205 SYSTEMS DEVELOPMENT AND INTEGRATION 

been reviewed and vetted by industry and other external reviewers. We felt it best to start from an 
existing model framework for this project rather than to develop a new model, particularly because the 
goal is to assess the relative performance of the different separation technologies. Different process 
designs and economics could certainly change the relative comparisons, but that is beyond the scope of 
this exploratory project (i.e., upstream DMR operations are outside the scope of this project’s focus). 
Rather, the intent was to (1) recognize that the process configuration as originally laid out in the 2018 
design report is likely overly optimistic, specifically with respect to the use of a lignin pressure filter 
downstream of whole-slurry fermentation, and, accordingly, establish a new base case for comparison by 
moving that separation step upstream of fermentation and switching to a flocculant-assisted vacuum belt 
filter (which has been demonstrated experimentally, albeit at higher costs than the simpler, non-
flocculated pressure filter); and (2) compare this base case model against the alternative non-flocculation 
options investigated in this study. For dynamic cross-flow filtration specifically, we agree that this is an 
earlier-stage conceptual technology, and, accordingly, we noted that this option currently carries a higher 
degree of uncertainty than the others based on extrapolating a vendor cost quotation to an equipment size 
that has never been operated commercially. We plan to further investigate and refine the economics for 
that case moving forward. 
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IMPROVED FEEDING AND RESIDUAL SOLIDS RECOVERY 
SYSTEM FOR INTEGRATED BIOREFINERY 
ThermoChem Recovery International, Inc. 

PROJECT DESCRIPTION 
This project aims to enhance the versatility and 
economic viability of IBR technologies. More 
specifically, this project will enable IBRs to employ a 
greater variety of non-pristine feedstocks that differ 
in geographic source, age, composition, size, energy 
content, and moisture content. It also incorporates 
improved solids-handling systems to selectively 
remove inert solids and discharge residual fine solids (ash) from the reactor more reliably, efficiently, and 
safely. These will increase annual feedstock throughput, decrease energy costs, decrease GHG emissions, and 
accelerate IBR deployment. These improvements may be offered together or individually and will catapult the 
SOA technology available to all the IBRs. These will also help meet the DOE/EERE/BETO objectives to 
dramatically reduce dependence on imported oil and spur the development of the domestic bioindustry. 

This project will leverage the existing commercial, technical, and operational capabilities of TRI to reliably 
introduce a variety of feedstocks into a reactor and remove process residuals safely and economically. Aligned 
to accommodate the FOA’s intent, the present project will utilize TRI’s existing 4-ton/day PDU at the TRI 
Advanced Development Center in Durham, North Carolina, with modifications to its first-generation feed 
system, residual fine solids discharge system, and the addition of a classifier system for the selective removal 
of inert solids and agglomerates from the reactor. The project will be validated by performing a continuous, 
long-duration trial with forest residuals, agricultural waste, and sorted MSW feedstock in the 4-ton/day PDU 
and by evaluating the benefits for a reference 500-ton/day biomass-to-diesel commercial plant. The anticipated 
benefits at this scale are: 

• A 30% increase in feedstock annual throughput per feeder. 

• Energy savings of 3,500 MWh/year.  

• Reduction in GHG emissions of >2.5 g CO2 equivalent/MJ diesel or >3,000 tons CO2 equivalent/year.  

Phase 1 involved tasks related to process and data verification (BP-1A) and component design (BP-1B). Most 
of these tasks were completed prior to the 2019 BETO Peer Review meeting, and the details were presented in 
that meeting. Subsequently, we prepared and compiled the budget and found it to exceed the original budget 
due to the longer duration, the multiple feedstock testing, and the higher component costs. We discussed this 
issue with DOE and the independent engineers and proposed combining this project with the small-scale 
biorefinery project (WBS 3.5.2.204) for Phase 2, which was accepted by DOE. Due to (1) the requirement in 
the small-scale biorefinery project for a contingency cash reserve of 25% of the Phase 2 budget and (2) the TRI 
revenue impairment due to the COVID-19 pandemic-related delays, both projects have been on hold since 
2020 with the consent of DOE. Note that the total expenditure to date in Phase 1 has been a very small 
proportion (on the order of 5%) of the total budget. From a macro perspective, the legislative requirement that 
a small startup company such as TRI place more than $2 million in escrow has disrupted progress. We are 
thankful to BETO for giving us more time to clear this big hurdle, but it has been difficult, especially with the 
COVID headwinds. 

WBS: 3.4.1.201 

Presenter(s): Ravi Chandran 

Project Start Date: 10/01/2017 

Planned Project End Date: 06/30/2022 

Total DOE Funding: $3,230,520 
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Photo courtesy of TRI 

COMMENTS 
• This was an extremely generic presentation, especially the management and approach section. There was 

some insight into the partnership, but I was underwhelmed by the review. The project team needs to take 
these peer reviews seriously and understand that they are part of the necessities for publicly financed 
projects. I understand that COVID has had big effects on the work, but this should be explained and 
justified in the slides.  

• The issue of feeding biomass directly into reactors under pressure has been a significant source of 
trouble for the industry for years, and several BETO-funded projects are studying/addressing this issue. 
Apparently, this project does as well, but it is not clear what specific work is being completed, what 
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progress has been made, whether there is communication among these projects, or even whether 
publications or other dissemination of information has been considered. The presenter may have 
assumed that the Peer Review Panel had information they did not; the lack of information makes it very 
difficult to provide a meaningful review. The project management plan is weak, especially the risk 
assessment and mitigation plan. Risks are not adequately described, and the mitigation responses are 
often poor; the response to “premature filter blinding” should not be “additional tests”; it should be a 
description of activities to be performed to alleviate the potential problem. The use of OpEx only to 
indicate meeting BETO’s dollar-per-GGE goal is disingenuous at best. 

• The presentation does not discuss the challenges of the first system or how the second system is designed 
to address those challenges. The risks presented did not appear to represent any sort of challenges that 
could not have been addressed in the first design. If the solution to a plugged drain port is a cage, that 
does not require a grant to fix. Modeling the inert gas to determine the proper amount is a complex way 
of throttling the valve and seeing what happens. The project did not present CapEx or OpEx cost-saving 
strategies. The project did not address how close they were to the target cost of $2/GGE (OpEx) or how 
it could be obtained. The feedstocks selected (i.e., wood, corn stover) will not necessarily result in the 
problems that they are trying to address (e.g., tramp metal)). It is not clear what ash levels were a 
challenge with the existing unit. Although the project states that they have achieved their goals, no data 
were provided to support that claim. Fire safety does not appear to have been considered with the 
trash/tramp removal system. The hot material will drop into an oxygen-rich environment, and any 
carbonaceous materials will burn. A project plan with a logical testing sequence to help ensure success 
was not presented. The management section did not provide the reviewer confidence that a sound 
approach to resolving these issues was being taken. The challenges/risks presented did not address how 
the original design ended up as a design that required modifications in the first place. The project is 
attempting to address known challenges with their feed system and the biomass preparation, but there 
was no metric to measure performance against it. 

• There is very little here for a project that began 3.5 years ago. What is going on? The only actual tests 
appear to have been on the first-generation feeder, but one assumes the first-generation feeder would 
have been tested already. This is nothing but a few schematics. The BFD (slide 16) seems unrealistically 
complicated for a lignocellulosic biomass process. It also shows “GAS” and “O2” inlets—three for GAS 
and two for O2. Are we using fossil natural gas here? Do we need an air separation plant to provide 
oxygen? 

• This project completed no work in FY 2020, but there was no discussion of this or an overall summary 
of achievements. The presenter claimed that several milestones were achieved, but there was no attempt 
to show the reviewers this. The feeder drawing was interesting and helpful. It is unfortunate that the 
reviewer chose not to provide information for a critical review and basically wasted the reviewers’ time. 
The presentation was not received on time, and what was received was subpar. 

 PI RESPONSE TO REVIEWER COMMENTS 
• Phase 1 involved tasks related to process and data verification (BP-1A) and component design (BP-1B). 

Most of these tasks were completed prior to the 2019 BETO Peer Review meeting, and the details were 
presented in that meeting. Subsequently, we prepared and compiled the budget and found it to exceed the 
original budget due to the longer duration, the multiple feedstock testing, and the higher component 
costs. We discussed this issue with DOE and the independent engineers and proposed combining this 
project with the small-scale biorefinery project (WBS 3.5.2.204) for Phase 2, which was accepted by 
DOE. Due to (1) the requirement in the small-scale biorefinery project for a contingency cash reserve of 
25% of the Phase 2 budget and (2) the TRI revenue impairment due to COVID-related delays, both 
projects have been on hold since 2020 with the consent of DOE. Note that the total expenditure to date in 
Phase 1 has been a very small proportion (on the order of 5%) of the total budget. Our understanding was 
that we were to provide an update since that 2019 meeting, so we did not include a list of tasks and 
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milestones and the details for work accomplished prior to that date. We did request permission from 
DOE and prepared and submitted a more detailed version of the presentation, but it appears that version 
did not get distributed to the reviewers. From a macro perspective, the legislative requirement that a 
small startup company such as TRI place more than $2 million in escrow has disrupted progress. We are 
thankful to BETO for giving us more time to clear this big hurdle, but it has been difficult, especially 
with the COVID headwinds. 

The feeder system has three main functions: (1) pressurize the feedstock from atmospheric pressure to 
the reactor operating pressure, (2) transport the feedstock and inject it into the reactor, and (3) create a 
gastight seal between the reactor and the atmospheric feedstock day bin. The last two functions are 
essential because an imperfect seal would risk backflow of the reactor contents into the day bin, 
compromising safety and operability. TRI has proven the first-generation feeder design in the PDU, 
achieving more than 13,000 hours of operation, and during that period, TRI never experienced a 
blowback through the feeder system. Based on that experience, we identified three areas of improvement 
to reduce energy consumption and improve uptime, throughput, operability, reliability, and ease of 
maintenance. These led to the incorporation of opposing brake, press-type housing and rapid advance 
pistons in the second-generation feeder design. The changes were detailed in the proposal, and we have 
subsequently tested these modifications and addressed these risks in an internal TRI program not related 
to this funding. So, the main risk was in incorporating these in the existing feeder at the PDU, and this 
was the only one identified in the risk registry for the feed system. 

The target for the selective solids removal was the classifier design and not the cage. The cage was 
intended to prevent the blockage of the drain port in case of oversized tramp particles or accidental 
formation of large agglomerates or clinkers. Due to the classifier facilitating active bed inventory 
management, the formation of a large agglomerate is considered highly unlikely. As the classifier cold 
flow video indicated, the selective solids removal is a batch process performed cyclically and involves 
several steps. Both by experimentation and fluid dynamic modeling, we have investigated the inert gas 
flow rate and time duration for the relevant steps to minimize the total gas usage per cycle. As indicated 
in the summary, we have estimated the following for a commercial 500-dry ton/day IBR due to the 
feeder, classifier, and ash discharge improvements: >30% increase in feedstock throughput per feeder, 
>3,500-MWh/year savings in power input, and >2.5 g CO2 equivalent/MJ diesel reduction in GHG 
emissions.  

The TEA and LCA are planned at the completion of the PDU trial in Phase 2, and hence CapEx and 
OpEx savings will be quantified at that time. As mentioned in the presentation, three feedstocks—forest 
residuals, MSW, and corn stover—with a broad range of moisture content, ash content, tramp content, 
bulk density, and Sauter mean diameter are targeted. A statistical design of experiments comprising a 
total of 20 tests has been formulated. Ash content of up to 25 wt % on a dry basis has been included in 
the matrix. 

We concur with the reviewer’s observation that there is potential for char to burn if it were to enter hot 
into the ambient atmosphere. In the TRI classifier system, the char and bed material are separated from 
the tramp and returned to the reformer vapor space, and the tramp is in contact with warm CO2 for most 
of the cycle time, so it should drain after being cooled to 450°F or less and being made inert in CO2. 
Second, the tramp drains into a catch pot that is sealed, thereby providing opportunity for additional 
cooling prior to ambient exposure. This addresses the fire safety concern. We have included formal 
hazard and operability study reviews at the beginning of Phase 2 to further review and alleviate safety 
concerns, if any.  
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The GAS in the BFD refers to inert gas (not natural gas), and typically recycled CO2 is used (captured 
downstream from the syngas and partially recycled).  

Yes, the gasification process does use oxygen for partial oxidation; this may be supplied in a commercial 
plant either from an air separation plant in-house or over the fence from a third party on a lease/contract 
basis. For the PDU trial, we use cryogenic oxygen.  

A TEA is planned for Phase 2 and will account for both CapEx and OpEx. 
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BIOMASS FEEDSTOCK USER FACILITY—IMPROVING BALE 
DECONSTRUCTION AND MATERIAL FLOW 
Idaho National Laboratory 

PROJECT DESCRIPTION 
BETO has recognized an INL core competency in the 
scale-up and integration of biomass preprocessing 
technologies and process design. The foundation of 
this core competency is the biomass feedstock PDU, 
which is an integrated pilot-scale preprocessing 
system. This core competency is further supported by 
the EERE designation as a national user facility in FY 
2013. The user facility designation has expanded the use of the PDU in supporting collaborative projects with 
industry, universities, and other federal agencies. During the past 6 years, the PDU has been used extensively 
for preprocessing R&D and demonstration, process development, toll processing (for feedstock supply) for 
both BETO- and industry-funded projects, third-party testing, and validation. The project is intended to 
transform the PDU to new and innovative uses in system-level research that enables and informs early-stage 
R&D in biomass preprocessing and handling. 
This project has both technical and programmatic objectives. The technical objective of this project is to 
eliminate the slugging caused by the first-stage grinder that is perpetuated through the preprocessing of baled 
biomass, resulting in the inconsistent flow of biomass during the size reduction process. This will be achieved 
by decoupling the first-stage grinding and bale deconstruction. The project will replace the high-speed, energy-
intensive bale grinder with a low-speed bale processor designed to use low speed and high torque to convert 
baled biomass into a flowable loose feedstock. The system will be able to process both round and square bales.  

Another technical objective of this project is to equip the PDU with visualization tools and real-time 
measurement capabilities that allow in-depth characterization of the interaction of material and machine. The 
use and benefit of these tools will be demonstrated with a specific study of the mechanics of deconstruction 
and conveyance of biomass materials. Process visualization and in-line sensor applications will inform early-
stage R&D and define operational boundaries. The data generated will be collected and stored in a data 
collection system that is consistent with and accessible by other DOE labs. 

The programmatic objective is to increase PDU utilization. PDU utilization during the last 6 years has ranged 
from 30%–40% (the ratio of the amount of days the PDU was in use to the amount of days the PDU was 
available for use). PDU utilization is a combination of internal use, support of national lab AOP projects, and 
external industry collaborations. The end-of-project goal for this programmatic objective is to increase user 
facility utilization to 60% (from the current baseline of 30%–40%) with tactical upgrades and improvements 
and demonstrated examples and successes of the use of the PDU and associated capabilities for system-level 
R&D.  

Accomplishing the technical (segmented bale deconstruction) and programmatic (increase BFNUF utilization) 
objectives will involve an approach that combines (1) testing new bale deconstruction methods that utilize low-
speed, deliberate bale deconstruction methods specifically developed for square or round bales; (2) developing 
and implementing in-line sensors and visualization tools that will enable the study of basic material and 
airflow properties within equipment (grinders and mills, conveyors, and other processing equipment) that will 
lead to more even flow, reduce equipment wear, and enhance separation capabilities; (3) developing data 
management tools that will increase access of PDU data to the FCIC, other labs, and industry; (4) continuing to 
adapt the PDU to include improvements identified through the FCIC, INL, and industry research and 

WBS: 3.4.1.202 

Presenter(s): Neal Yancey 

Project Start Date: 07/03/2008 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $6,000,000 
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interactions; and (5) applying the system-level research capabilities (developed in 1–4) to study the biomass 
deconstruction and conveyance process in the PDU. 

 

  

Photo courtesy of INL 

COMMENTS 
• This is a good and interesting project on bale deconstruction and feeding. Low versus high speed is 

unclear. What are the throughput effects? They have the same throughput, but it is confusing. Overlap 
with FCIC projects appears large: There is lots of interaction, and BFNUF is developing a complete 
process, not just individual steps. 

• The management plan is a bit cursory but adequate. The approach is, in one sense, ideal in that it moves 
the feedstock uniformity and quality control upstream, where it belongs. In another sense, it departs from 
the idea of a uniform feedstock format. If every feedstock is custom milled and custom treated to meet 
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specifications for a particular process or even a particular plant, biomass will never become a true 
commodity, and it will never be able to be moved very far. That said, all the approaches to the stated 
objective are logical and likely to be effective. The metrics are sensible. Fractionation and fines control 
will be helpful in maintaining plant reliability and on-specification performance. Progress on milling and 
fractionation is good so far. Is there a connection to the FCIC? 

• The choice of approach was not made clear in the project. The project should have discussed how 
machine learning and automation equipment were arrived upon as the appropriate tools for this problem. 
The current SOT and the disadvantages of those technologies to these processes was not made clear. The 
current facilities do look at conveyor heights and control them—what is wrong with these systems? The 
project noted that they are trading information back and forth between the FCIC and that this project is 
distinct from those projects by its look at the whole process. In the presentation, however, the economics 
of the approach were not covered; rather, the process was being worked on. The project is attempting to 
achieve a more consistent product for downstream process. This has shown to be necessary in other past 
projects. The economic baseline of a process with a clean stream of chips but burning or otherwise 
discarding the other streams should be presented because a facility is unlikely to be built with three 
different processes that can utilize the three streams noted differently and economically. It is unclear if 
there were any activities to modify any of the mills shown or just to operate at slower speeds; it appears 
the latter was done to gain data. What data are lacking and how close is the project to gathering sufficient 
data? Lower throughput requires additional parallel or larger units to be operated. It was not clear 
whether the project expected a high CapEx, nor were the predicted operational benefits of the project. By 
reducing the non-white wood, you reduce a larger percentage of the incoming feed. The resulting per-ton 
cost of biomass from this process and the application/disposal plan for the remaining feedstock were not 
made clear in the project plan. This is a good example of consistency in the approach between BETO 
groups (FCIC and SDI). The impact of a 25% energy savings on the front-end hammer mill is not an 
obvious internal rate of return driver for overall operations. “Slow processing” can be confused with 
throughput, and the project should make sure its audience is aware of what it intends. The dissemination 
schedule of a best practice for a front-end system was not provided. This appears to be the overall goal of 
the work being done, but it is not clear when this task is planned. 

• The project has great objectives to improve the variability in feedstocks, and the equipment testing plan 
has achieved good results in identifying and testing equipment to achieve more consistent feedstock. I 
found that the management plan should be better outlined. Risks are identified, but they are not fully 
addressed. A detailed work plan would have been a good addition and increased industry involvement. A 
cooperative research and development agreement (CRADA) with Warren & Baerg Manufacturing, Inc., 
would be an excellent addition, as would other industry partnerships. Finally, I found it surprising that 
the addition of screening on the mills was considered an improvement. This is industry standard, and it is 
unfortunate that this needed to be tested and is not standard in biomass projects. The amount of industry 
involvement appears lower than necessary. 

• This is a good quality-by-design project and has the potential to have significant impact on the 
bioconversion industry as a whole. Although it does seem to implement things as new that have been in 
practical application for years (e.g., screening, recycling overs), it clearly demonstrates the value of these 
practices. Slower processing for more consistent feed is clearly demonstrated as well, but the 
presentation would have benefited from showing the impacts/costs associated with doing so (e.g., 
equipment size or quantity and subsequent impact on project CapEx). 

 PI RESPONSE TO REVIEWER COMMENTS 
• I want to thank the reviewers for their comments. It is always helpful and important to get the 

perspective of others through these Peer Review presentations.  
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Bale deconstruction: There was an overall interpretation that lower-speed milling meant lower 
throughput. Let me address this first and change some terminology as well. I will start by using low 
intensity rather than low speed. The new debaling approach is taking a scientific approach to bale 
deconstruction. Bales are put together in balers that accumulate a section of biomass, then compress that 
into a wafer or leaf of the bale. Consecutive sections are then compressed into a bale. The approach now 
is to break apart bale sections systematically without size reduction to create a flowable stream of bulk 
biomass. Because bale deconstruction does not include size reduction, it requires much less energy. As 
opposed to using a high-impact approach to break the bale apart, we use a combination of bars and 
cutters (if necessary) to break apart and delaminate the bale sections. This low-intensity debaling is equal 
in throughput to high-speed bale grinding but uses much less energy. The reasons for these changes are 
to (1) reduce energy; (2) decrease the generation of fines; (3) enable downstream separation and sorting, 
including contaminant removal; (4) reduce wear; and (5) achieve equivalent throughput.  

Advanced milling and fractionation: Another frequent comment was associated with cost and the reason 
for the additional customized processes to the milling approach. For instance, “We can customize a 
process for every different feedstock and condition but at what cost and what is the payoff?” This 
scientific methodology is not a customized approach to each feedstock, but rather developing a process 
with end conversion in mind. The methodology being used is:  

o Identify the properties of the feedstock—baled, whole logs, chips, moisture, etc.—and anticipated 
contaminants that need to be removed.  

o Using a quality-by-design approach, apply specific tools to reach the final goal for conversion. For 
example, high-moisture bales require different milling approaches than dry bales, so we must ask, 
how do we process high-moisture bales in a manner that most benefits the conversion process? 

o Use screening and sorting to maximize advantages by (1) screening early to prevent 
overprocessing; (2) using mechanical methods to eliminate inorganic contamination as early as 
possible in the process, thus reducing wear on equipment (it benefits nothing to carry it to the end 
and then get rid of it); (3) sorting fractions that can be treated more efficiently from the rest—i.e., 
separate needles and bark from white wood or leaves from stalks and cobs in stover; and (4) 
creating as consistent and accurate as possible a particle size for all fractions that will result in 
more efficient conversion.  

o Use milling approaches that match the material. Use impact milling only when it serves a purpose, 
such as dislodging contaminants. Use knife milling or crumbling to generate 3D particles that 
result in higher efficiency in conversion processes.  

o Consider densification to improve flowability, consistent conversion, and transportation. This 
methodology is applied in all cases, but only unit operations that will result in increased value and 
performance at the reactor should be considered. The cost of air classification adds $0.85/ton to the 
preprocessing. The cost of screening adds approximately $0.30/ton to the processing costs. These 
costs must be compared to the increase in value observed at conversion. The outcome should be 
lower conversion costs, increased throughput, less energy use, consistent performance, consistent 
properties—physical and chemical, minimizing losses, fines or other—and maximized efficiency 
and performance during conversion. 

o Historical processing generally consisted of: [bale grinding]>[fine grinding]>[possible screening 
out fines]>[metering or storage]>[conversion]. Advanced milling and fractionation: 
[debaling]>[screening to remove contaminants and separate on-spec material or specific 
anatomical fractions]>[specific milling to minimize losses and achieve optimal shape]>[screening 
to reach specific particle size and remove fines if needed]>[density separation if needed to sort 
tissue or chemical fraction when needed]>[metering or storage]>[conversion].  



2021 PROJECT PEER REVIEW 

 

1215 SYSTEMS DEVELOPMENT AND INTEGRATION 

o Low-speed bale processing reduces the generation of fines, uses less energy, maintains throughput, 
provides even flow, and produces a much more consistent particle size and chemical composition 
to the conversion process. There is a lot of synergy between the FCIC and this project, but the 
FCIC projects tend to focus more on unit operations, specific material breakage understanding, and 
other detailed information, whereas this project focuses on operations at scale.  

Real-time monitoring and control: With respect to comments on the material flow in the conveyors, mass 
flow in processing is generally controlled through feed rates and can be and is often monitored in the 
conveyors by depth or mass flow. I brought up the way we monitor material depth as just one example of 
real-time monitoring that we conduct. Specifically, we were tracking variations that occur as a result of 
uneven flow from the bale grinder and identifying means to adjust on the fly to prevent a surge from 
impacting downstream processes. Still, that was only one example of real-time controls. The BFNUF 
monitors flow, temperature, moisture, amperage, overcurrent events, pressure, and other things that 
allow us to adjust on the fly, and we are developing software to automate those responses. We are also 
developing controls based on particle size or fine generation, which use variable-frequency drives to 
control mill speed—not to control throughput, but to control quality or particle size of the feedstock. 
Ultimately, we are developing a methodology to increase the quality of both physical and chemical 
composition at reduced energy costs. We expect improved efficiency in conversion and high retention of 
quality material from the feedstock being used. Finally, as we move forward, we are developing industry 
partners such as Warren & Baerg. Specifically, we have current projects with Forest Concepts, Idaho 
Forest Group, Enerkem, Titus, Fulcrum, GreenGold, and others. I should have made this clearer.  

Thank you for the comment on screens. For many industries, screening is a standard operation. We have 
been trying to add screening to our processing facility for several years, but funding has only been 
available in the recent BFNUF upgrade. 
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BIOCHEMICAL PILOT-SCALE SUPPORT AND PROCESS 
INTEGRATIONS 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
The Biochemical Pilot-Scale Support and Process 
Integration project’s high-level goal is to help 
transition technology to the marketplace by providing 
a facility for pilot-scale performance testing and 
verification. To facilitate this goal, we maintain the 
functionality and operational readiness of the 
biochemical pilot plant located at NREL, and we 
evolve its capability to perform process-relevant integration work for BETO and industry clients. We also 
encounter and solve unknown scale-up issues that usually only manifest at the pilot scale prior to technology 
deployment; however, processing biomass feedstocks remains a challenge at the pilot scale, particularly in 
handling a variety of raw biomass materials. In the past 2 years, we have completed modernizing the pilot 
plant’s control software with a new automation software product that is cheaper to maintain, easier to learn, 
and has enhanced capabilities—i.e., continuous automated data storage to an SQL database. We have also 
developed and implemented a data management system that effectively captures and logs all pilot plant sensor 
data associated with experimental runs or plant operations into an easily retrievable format. Finally, our plant 
documentation and management programs have been improved and better automated during the last few years. 
The pilot plant continues to be used by BETO projects as well as by industry clients, with nine new industry-
based projects that began in FY 2019/2020.  

 

WBS: 3.4.2.201 

Presenter(s): Dan Schell 

Project Start Date: 10/01/2003 

Planned Project End Date: 09/30/2017 

Total DOE Funding: $1,048,000 
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Photo courtesy of NREL 

COMMENTS 
• This is an interesting update of the biochemical pilots at NREL. Industry interaction and prioritization 

remains unclear. How are partnerships arrived at? FOAs? Industrial clients? It sounds quite informal, and 
it could benefit from a more strategic approach to equally benefit all stakeholders and not only those that 
are more connected with the current lab activities and personnel. It is unclear what is driving the current 
focus on the DMR. In general, these types of programs should be following a wider approach of options 
and less focused on one or two single technologies, especially when they are specific to a supplier. 

• It is not clear what from the 35-year-old original facility is still in operation and is still relative to 
industry and research. The project does not appear to have full control of what equipment is purchased 
and installed at the facility—i.e., the disc refiner. It would be beneficial to understand how the pilot plant 
approaches new clients in the assessment of their technology using the lessons learned from past 
projects. The utilization of specific equipment within the facility would be beneficial to understand and 
how this ties into the out-of-service program. The potential for larger-scale unit operations or the history 
of longer-term reliability testing at the facility is not clear. On the opposite end of the spectrum, it is not 
clear how the PDU communicates its lessons learned to other bench-scale R&D within BETO and to 
industry partners to share the lessons learned. Although the presentation does not make clear what 
equipment exists, it makes it clear that the equipment is being utilized by industry. It was encouraging to 
read a review of process equipment relevancy in industry. This should be an annual task with an advisory 
board, however. Although this facility does not do any business, development has begun to include 
industry outreach to have its capabilities assessed and refined by others so that in the future it can 
maintain its critical status in DOE and the industry. The process in determining what new equipment is 
purchased by the PDU was not discussed. There is a risk not mentioned in the presentation that the 
equipment at the PDU will not be of interest to industry. It is not clear if and when the data management 
system will be integrated with FCIC Task 8. 

• The Integrated Biorefinery Research Facility has been an invaluable resource for industry for many years 
and continues to play an important role for many projects. The presentation shows an excellent 
management plan, including significant communications with other projects and with industry. As a 
source for clean cellulosic sugars and solids lignin for research, DMR makes sense, but the focus on 
expanding capacity and the optimization of DMR appears to be internally driven, with no clear support 
for the commercialization of the technology from industry. 

• This reviewer likes the way the project divided the tasks into routine, pilot plant operations and new 
capabilities. This is an excellent way to organize, and the management plan is sound. This reviewer also 
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really likes the way that the PDU is used to help demonstrate technologies for the program along with 
other partners. Continuous operation of an integrated process is a critical need in the scale-up and 
commercialization of any technology and one that is generally downplayed, minimized, or even skipped. 
It is generally very hard to get funding for these in the private sector. The strategy of using the PDU to 
close this gap is a great use of taxpayer funds. The team appears well coordinated and focused on their 
goals and has been meeting their goals. 

• Unlike the BFNUF and the ABPDU, it is not clear that this facility is flexible outside of cellulosic 
sugars/lignin and the DMR process, both of which are of lesser interest in industry these days. It would 
be helpful to see a more thorough study, by year, of the external clients and the sort of work they did 
there. Has interest remained as strong over the years? Are the customers using the DMR capabilities, or 
are the projects more stand-alone fermentation with noncellulosic sugars? It is impossible to answer 
these questions from the slides or the presentation, but I am concerned that much of the equipment and 
activity are less timely than they once were. Otherwise, this is basic blocking and tackling to maintain 
and upgrade a user facility. 

PI RESPONSE TO REVIEWER COMMENTS 
• We appreciate the reviewers’ comments and their assessment of this work, and we provide some 

clarifications. This project’s goal is to maintain a safe and process-relevant biochemical-based pilot plant 
that is made available to others to use, including industry partnerships and BETO research projects. We 
understand the concerns regarding some of the older equipment systems that are not routinely used, but 
roughly three-quarters of this facility is used for research. Industry projects performed in the plant 
usually arrive via inquiries from industry or individual researchers’ industry contacts, and work is 
executed using work-for-others agreements or CRADAs entirely funded by the partner. Other industry 
collaborations resulting in facility use are from awarded FOA projects, which are roughly one-third of 
our industry partnerships. We can usually execute all projects without the need for prioritization or 
downselection, including BETO research projects. Capabilities being used by industry projects range 
from pretreatment, enzymatic hydrolysis, bioconversion, and separations either as individual unit 
operations or multiple operations at a scope and scale depending on the needs of the client. Nevertheless, 
there is an opportunity to improve our strategic approach to partnerships and facility use, and we are 
currently working to develop this plan for both NREL pilot plants within the directorate. Also, we hope 
to acquire new research equipment to better align with new low-carbon-intensive technologies for 
producing biofuels and bioproducts. Because many of the BETO research projects are executed in close 
collaboration with personnel doing the bench-scale research, we have a good path forward for 
communicating lessons learned within NREL; however, there is opportunity to improve and more widely 
distribute findings when possible. With respect to our efforts to yearly update our capabilities, this work 
is generally focused on small, low-cost efforts that enhance the safety or our ability to support future 
BETO R&D directions and the potential needs of industry clients. But the funding for this effort comes 
from our supply, maintenance, and repair budget, and the available funds are highly variable depending 
on other needs throughout the year. This year, we are adding vent condensers on the 160-L bioreactors, 
and next year, we will likely need high-pressure, steam piping upgrades. These are examples of the types 
of minor upgrades we can do with funds from this project. Major equipment additions require an 
alternative funding source, and, in this case, more input is sought from technical experts within and 
outside of NREL. 
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ADVANCED BIOFUELS AND BIOPRODUCTS PROCESS 
DEVELOPMENT UNIT OPERATIONS 
Lawrence Berkeley National Laboratory 

PROJECT DESCRIPTION 
The ABPDU was authorized in 2009–2010 and 
commissioned in late 2012 as a shared community 
resource to provide process optimization, 
prototyping, development, and piloting and scale-up 
services to the biofuels and bioproducts community, 
including industry, academia, and the national labs. 
This AOP covers expenses related to (1) partnership 
and project development, (2) facility readiness, (3) process benchmarking, and (4) teaming with other BETO 
PDUs. Although ABPDU collaborators and sponsors are required to fund “cost recovery” associated with 
project work at this facility, this base ABPDU operations budget is required to maintain and operate the facility 
in a nonprofit model consistent with cost recovery. The partnerships enabled by this BETO collaboration 
facility allow the advancement of key technologies from early-stage TRL in the 2–3 range to prototypes at the 
mid-TRL range from 4–5. The ABPDU does not directly commercialize or provide financial support to 
deployment by industry partners; rather, the process research and optimization the ABPDU team and facility 
engage in brings value to the entire biofuels and bioproducts community and provide high-visibility examples 
relevant to the BETO mission. 

 

WBS: 3.4.2.202 

Presenter(s): Deepti Tanjore 

Project Start Date: 07/13/2010 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $7,300,000 
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Photo courtesy of LBNL 

COMMENTS 
• This is a good overview of the management and activities and the ABPDU. It would be good to have a 

more strategic plan on how to reach out to external collaborators, besides word of mouth and personal 
connections, to maximize the impact of the ABPDU facilities in the overall industry and to avoid 
preferences with better connected groups, etc. How to best benefit the BETO and the broad DOE 
community from the work being done is key. Right now, it feels like it is mostly through supporting new 
companies and training activities. The benefits back should be maximized and well thought through. 
Likewise on how to address intellectual property (IP) and related issues. Supporting new private IP is 
okay, but the goals of a public facility, no matter how the current funding is, should look to broader 
benefits for the taxpayer.  

• The ABPDU is a terrific resource for industry and has proven to be proactive in identifying skills and 
capabilities that can help with commercialization efforts. Although word of mouth appears to be more 
than sufficient for advertising, additional effort should be made to reach out to industry and look to 
identify additional opportunities. It is unclear how much findings from completed projects are/can be 
shared with the industry as a whole, but this is an area in which the ABPDU can extend its sphere of 
influence. 

• This is less of a project and more of a baseline maintenance funding for a PDU. As such, it is money 
extremely well spent. The ABPDU provides capabilities that are otherwise difficult to find at this scale, 
and I have been involved in multiple projects in the past that encountered problems or had to face high 
costs and construction delays to provide similar capabilities in-house, only to then use those capabilities 
rarely or even never in the future. By being there when needed for industry, lab, and even academic 
clients, the ABPDU relives them of those costs, delays, and problems. Their amazing list of partner 
companies and high percentage of full-time employee utilization are testaments to their success. Ideally, 
they should have a process for periodically adding new capabilities—not a regular capital budget, but 
perhaps an AOP cycle process for proposing and defending new equipment suggested by their many 
interactions with biotechnology developers. 

• This is not really a project; it is an ongoing function. Although it appears that they are meeting their 
stated goals, I question whether this is the best use of taxpayer funds to help companies without getting 
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anything in return—there is no IP and little to no information sharing. I do not think the impacts 
outweigh the costs. 

• This project has had a tremendous level of impact in 10 years in its ability to assist in obtaining funding 
for so many clients. The project reports that they are aware of around six pieces of equipment necessary 
for new industries. Budgets range from $10,000 to $150,000, which allow small and large companies to 
work with the ABPDU, either with subject matter experts or with equipment. The lessons learned on 
these projects do not appear to have a home within BETO. Additional information would be appreciated. 
Strategic partnership project/CRADA conversion percentage versus target would have been beneficial to 
understand. The process in determining what new equipment is purchased by the PDU was not 
discussed. There is a risk not mentioned in the presentation that the equipment at the PDU will not be of 
interest to industry. The project demonstrated a well-defined approach to its work, including details on 
its outreach, its safety program, and its contracting program. The presentation could have provided more 
information on what processes they do support specifically and how they are improving or advancing 
these processing through new acquisitions or projects to advance the SOA. It is not clear if and when the 
data management system will be integrated with FCIC Task 8. 

 PI RESPONSE TO REVIEWER COMMENTS 
• The ABPDU team thanks the reviewer for the feedback. The team is leveraging its track record of having 

helped well over 65 companies in scaling their bioprocess technologies to reach out to small and big 
companies. In an effort to continue to expand the ABPDU’s reach and visibility, last year the team 
dramatically augmented content through case studies on industry collaborations, alumni successes, and 
female entrepreneurs. These studies were shared via our recently updated website, our new quarterly 
newsletter, and multiple social media channels. We are now periodically benchmarking the performance 
of these platforms to compare figures against earlier performance indicators, prior to these upgrades. As 
an indicator, we are also keeping track of how companies become aware of us. Along with the 
information collected during Industry Listening Day, we look forward to maximizing and reporting the 
value of these communication tools in the context of a larger strategy of outreach. The ABPDU has three 
granted patents submitted jointly with industry collaborators and several outstanding patent applications 
that should be awarded in the next few years. Continued collaboration with BETO consortia and 
CRADA-based projects provide the ABPDU staff with more opportunities for expanding the 
LBNL/BETO IP portfolio, and these research efforts often leverage industry interactions to address 
generalizable challenges in biomanufacturing As an example, ABPDU researchers have recently filed 
records of invention (ROIs) covering novel process integration strategies for hydrogen (H2) fermentation 
and for the capture of volatile fermentation products; both ROIs were informed by interactions with 
multiple industry partners facing technical challenges in these areas. 

Thank you for the detailed comments. The lessons learned from these projects are packaged into 
proposals pursued via consortia, AOPs, or directed funded opportunity projects funded by BETO. For 
example, BETO invited ABPDU PIs to submit four full AOP proposals last year, one of which was 
funded. Similarly, the ABPDU shares much of our know-how through the training we offer to our 
employees and the students of the master’s program at the University of California, Berkeley. These 
alumni often join companies that further BETO’s mission (e.g., ZymoChem, Visolis, LanzaTech). The 
ABPDU uses an end-to-end collaborator onboarding process that has allowed the team to understand the 
strategic partnership project/CRADA conversion rate. The data have thus far demonstrated an 
approximate 9% conversion rate of prospects to projects. Last year, the collaboration development team 
interacted with approximately 83 groups, leading to 8 contracted projects. We are keen to understand and 
minimize drop-off points along the process, and we have identified the need to convert more draft 
statements of work into strategic partnership project agreements. The ABPDU, alongside LBNL’s IP 
Office and Strategic Partnerships Office, have implemented a number of improvements to the process, 
increasing the speed of nondisclosure agreement drafting and execution, shortening communication 
turnaround times, and monitoring the process flow for all opportunities of continuous improvement. Of 
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course, the necessary brevity of the presentation led us to omit many details of our technical and 
collaboration development operations. CRADA conversion has been typically around 7% and is often 
based on public funding opportunities. As such, our success rate varies substantially with the content of 
the funding call. Thank you for the feedback on equipment and utilization. BETO requires its PDU 
facilities to monitor utilization for the purposes of strategic facility development. Our rent-to-buy 
approach, which allows our collaborators to contribute during the rental phase, demonstrates industry 
interest in the specific equipment. We also conduct industry listening days where the industry expresses 
interest in specific equipment with both ABPDU leadership and BETO management. 

The brevity of the reviewer’s comments renders them difficult to interpret. Given the many scientific 
functions that the ABPDU AOP supports, we strongly believe that we serve the DOE and BETO 
missions and deliver substantial economic and technology development impact from taxpayer funds. 
Companies piloting primarily with the ABPDU have raised nearly a billion dollars of private funds 
compared to approximately $40 million in public investment to the ABPDU, representing a >20-times 
return on investment. Access to the ABPDU has accelerated time to market for numerous commercial 
products, helping catalyze the once nascent U.S. biomanufacturing industry and thereby remaining 
highly responsive to the BETO mission. This private funding has generated over 1,000 direct jobs and 
many thousands of indirect jobs. Offering a very much-needed pilot bioprocess development function 
has also resulted in augmented value to existing IP in both the private sector as well as the LBNL/BETO 
portfolio. For example, HelioBioSys developed their cyanobacterial polysaccharide production and 
separation technology with the ABPDU, developing joint IP under a CRADA agreement. Based on our 
interactions with industry, we are in a good position to identify industrywide issues that no one company 
is incentivized to solve. We leverage this knowledge to inform BETO AOPs and consortia research 
programs, generating IP that will benefit the entire industry. As an example, the BETO Separations 
Consortium was created as a response to a lack of a dedicated separation focus in the BETO portfolio—a 
research gap informed directly by ABPDU interactions with industry partners. The ABPDU team also 
actively connects the private sector to BETO’s relevant program managers or consortium PIs, bridging 
industry with BETO programs or other national labs. 

The ABPDU team thanks the reviewer for the generous comments. The team strives to provide unique 
value to the biomanufacturing community for the conversion of feedstocks to sustainable fuels, 
coproducts, or bioproducts more generally. All these areas provide inroads for greater economic and 
technological growth and competition so that all facets of the bioeconomy innovate and flourish. With 
evolving technologies and industry needs comes the real need for additional capabilities, of which the 
BETO team is actively aware. The ABPDU staff has identified several new capabilities—running the 
gamut from data capture to downstream processing unit operations. Moreover, they arise from both 
industry demand as well as alignment with the evolving BETO mission. The reviewers’ suggestions will 
be further broached by the team. Again, we appreciate the helpful comments. 

The ABPDU team thanks the reviewer for the comments and suggestions regarding outreach. In an effort 
to continue to expand the ABPDU’s outreach and visibility, last year the team undertook an upgrade to 
the website’s look and feel and has dramatically augmented the useful content available through the 
website, quarterly newsletter, and multiple social media channels. We are now periodically 
benchmarking the performance of these platforms to compare figures against earlier performance 
indicators, prior to these upgrades. We look forward to maximizing and reporting the value of these 
communication tools in the context of a larger strategy of outreach. The reuse of data and project 
learnings has required careful consideration. If information is in the public domain, through peer-
reviewed publications and other channels, then it is available for supporting the industry as a whole. 
With more than 30 publications, more than 10 invention disclosures, more than 10 annual presentations, 
more than 5 standard operating procedure videos, master’s-level coursework, and more than 90 well-
trained alumni, the ABPDU has offered a variety of ways in which it generates an outsized influence; 
however, and perhaps more to the reviewer’s point, we would also welcome ways in which anonymized 
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and collated experimental data from multiple projects could be used for advanced modeling and meta-
learning purposes. The ABPDU submitted a full proposal to BETO, “Decision Support and Knowledge 
Representation in Bioprocessing,” which focused on enabling community sharing of data, as well as 
knowledge, in bioprocessing. We proposed deploying knowledge representation, reasoning-based 
systems, and other artificial intelligence on community-generated data to further in silico bioreactor 
experiments and narrow the parameter space for lab experiments, saving substantial resources and 
reducing time to commercialization. We look forward to working on such projects to enable data reuse at 
the ABPDU. 
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PACIFIC NORTHWEST NATIONAL LABORATORY 
HYDROTHERMAL PROCESS DEVELOPMENT UNITS 
Pacific Northwest National Laboratory 

PROJECT DESCRIPTION 
The PNNL hydrothermal PDU project is focused on 
adapting and applying hydrothermal PDU capabilities 
(HTL, catalytic upgrading, catalytic hydrothermal 
gasification) to produce biofuels and coproducts from 
wet-waste feedstocks. The project has four major 
objectives: (1) conduct process development R&D to 
enable the scale-up of hydrothermal processing unit 
operations; (2) scale up the testing and production of fuels and coproducts from wet-waste feedstocks; (3) PDU 
systems capability management supporting operations, maintenance, and system modifications; and (4) PDU 
utilization and development of industry partnerships. The PDU project is addressing engineering scale-up 
challenges that must be resolved to move forward with later-stage integrated pilot testing and 
commercialization. This has resulted in several industry collaborations, two CRADAs, the development of IP 
for improved HTL processing and upgrading, and licensing agreements with commercialization partners.  

 

WBS: 3.4.2.301 

Presenter(s): Dan Anderson 

Project Start Date: 10/01/2015 

Planned Project End Date: 09/30/2018 

Total DOE Funding: $2,600,000.00 
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Photo courtesy of PNNL 

COMMENTS 
• This is good, interesting work, but maybe a bit overcomplicated. It is a bit confusing in terms of 

equipment versus process development. It provides great insights into HTL advantages over anaerobic 
digestion—sludge reduction, perfluoroalkyl and polyfluoroalkyl substance (PFAS) reduction, liquid fuel 
over renewable natural gas (RNG), etc. There are possible issues with manure “cleanup” for processing. 
This is a very distributed approach with many units in scope, so CapEx is a serious concern. The hub-
and-spoke approach is probably best (biocrude to centralized hydrotreating). 

• This is a great, well-managed project with well-defined goals and excellent achievements, including 
stretch goals. The project team should be proud of their accomplishments. Having several scales 
available for testing is invaluable and looks to be well used. Understanding how these units are managed, 
how the work is prioritized, and how modifications are made would have been useful. The impact of 
these efforts could be significant because processing wet waste is a huge need, and although RNG may 
be an option for many of these wastes, having a dense liquid fuel is a good alternative and, in some 
cases, more valuable. 

• HTL, in particular, is a promising technology, especially for those feedstocks that are fundamentally 
very high in moisture as received. Hydrotreating is an important upgrading operation. The jury is still out 
on compressed natural gas, but it remains worthy of further research at this point; therefore, a facility 
covering these operations is of value to BETO, its grantees, and potentially industry partners as well. The 
management structure seems adequate to the complexity of the task, which, though substantial, is not 
highly variable on a short timescale, and therefore close to routing even if the actual study being 
conducted is anything but. The risk mitigation approach shows a clear understanding of the most likely 
trouble spots, although one needs to watch for the unlikely ones as well when doing early-stage R&D. 
There are multiple promising and ambitious but reasonable lines of R&D underway. Progress on the 
ongoing projects toward the stated objectives is good. 

• It is not clear how or how long the PDU can achieve a 1,000-ton/day scale on the HTL feed so that even 
steady-state operations can be achieved. The strategy to specifically sell the HTL process to industry is 
unclear. Does PNNL intend to scale up this technology themselves to the commercial scale? What is the 
strategy to do that? PNNL stated that project partners want to scale the technology and do pilot-scale 
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studies. At this stage, and with the work already done at the pilot scale at PNNL, scaling the technology 
needs to mean something beyond the pilot scale. The project reported that dairy manure plugged their 
upfront equipment. The project did not discuss why their front-end system could not handle this 
feedstock or its root cause. General guidance on the risk mitigation plan during the years (number of 
risks/number accepted/number outstanding/number new risks in last 2 years) was immensely beneficial 
to understand how the project is progressing. The approach covers a well-defined list of tasks with 
appropriate success metrics. The assumption is that these tasks can be tied directly to risks, requirements, 
or the strategic plan. On the approach, it would be good to understand the new target versus a realistic 
target needed for commercialization. The dollar-per-GGE target on slide 8 did not seem to match the 
graphic on slide 10. PNNL noted in their comments that the target is 8,000 hours for commercialization. 
It was not clear if the 2,000-hour run was sufficient to provide this pro forma target. It is unclear if 
PNNL has settled on a catalyst formulation and begun to produce commercial catalyst to further validate 
the abilities of this process. The project continues to demonstrate knowledge and the ability to reduce 
CapEx and OpEx and to increase the value of this technology. Industry interest appears to be coming 
from wastewater sources, and PNNL is responding by improving their feedstock handling equipment for 
this industry. 

• The focus of the SDI portfolio has been on the demonstration and commercialization of technologies that 
can directly impact BETO’s goals; this project clearly supports that focus with process development, 
scale-up, and partnership activities that directly impact the commercialization of HTL projects, including 
the development of other pilot plants. In the future, it seems that a terrific opportunity would be 
collaboration with modeling projects that assume biocrude as a feedstock—a sensitivity analysis around 
the feedstock variation impact on biocrude properties could provide much-needed data for the prediction 
of impact on downstream upgrading processes and final product properties. 

 PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their thoughtful and constructive comments and questions. We will address 

key questions and areas that need further clarification.  

Regarding the comment, “It is a bit confusing in terms of equipment versus process development”: Yes, 
this project has an element of both components. The project is responsible for maintaining and updating 
hydrothermal processing systems and capabilities for use to support DOE and industry research. In 
addition, the project also has a major process development R&D component to address key technical 
issues to enable scale-up and commercialization.  

Regarding the comment, “What is the scale of testing at PNNL and in scale-up efforts relative to the 
1,000-ton/day goal case?”: PNNL has bench- and engineering-scale HTL test systems (2–18-L/hour 
slurry, or a little less than 100 kg solids/day). The 1,000-ton/day plant is the envisioned scale for a 
commercial unit that draws on sludge; food; fats, oils, and greases; and manure within a geographic 
region. Several projects are underway to build and operate pilot plants that will process on the order of 
3–5 tons/day. 

Regarding the comment, “Does PNNL intend to scale up this technology themselves to the commercial 
scale? What is the strategy to do that?”: PNNL’s strategy is to work with both technology end 
users/adopters and commercialization partners to scale up and commercialize the technology. We have 
established strategic partnerships with users that are generating and managing wet-waste feedstocks, and 
we have licensing agreements with commercialization partners that are raising capital for scale-up and 
commercialization.  

Regarding the reviewer’s recommendation on the pursuit of modeling to understand the impacts of 
feedstock composition on the upgrading process and final product properties, we agree that being able to 
systematically correlate incoming biomass composition with the upgraded fuel blendstock product 



2021 PROJECT PEER REVIEW 

 

1227 SYSTEMS DEVELOPMENT AND INTEGRATION 

properties is of great value. Toward this effort, we have developed reduced-order models based on 
PNNL’s extensive library of continuous HTL processing data to predict biocrude yield and quality. 
Extending the models to predict the upgraded fuel properties based on biocrude quality is the next logical 
next step that should be worked into our future plans.  

Regarding the reviewer’s comment on why the PDU upfront equipment could not handle manure feed 
when this stream is successfully handled at anaerobic digestion facilities around the country, manure 
feedstock to anaerobic digestion generally consists of settled particulate that is pumped from lagoons 
through large pipes/hoses at 2 to 4 wt % solids. To achieve high yields to biocrude and efficient use of 
reactor size, HTL feedstocks should be between 15 and 25 wt % solids. HTL reactors at PNNL are 
fabricated from ½-inch tubing or smaller. We attempt to collect manure that will be typical of larger-
scale aggregation efforts (i.e., to avoid unrealistic hygrading). Some of the manure collected in this 
manner contains more than 50% ash (e.g., rocks, grit, dirt). It is this tramp material that creates upfront 
issues for formatting and processing at our scale.  

Regarding the comment, “Understanding how these units are managed, how the work is prioritized, and 
how modifications are made would have been useful”: The PDU team holds a large meeting every month 
in which all task elements are discussed, including interactions with other projects. Milestones (internal 
and external), test needs and equipment issues, and utilization are included in this meeting. With the 
entire team present, setting resource priorities is straightforward.  

Regarding the comment, “The dollar-per-GGE target on slide 8 does not seem to match the graphic on 
slide 10”: As the reviewer noted, there are small differences in the individual cost savings associated 
with the various improvements between slides 8 and 10, whereas the total cost savings is consistent. The 
modeled cost savings from the various improvements are a function of the order in which improvements 
are realized (an improvement implemented earlier [or later] generates a larger [or smaller] cost 
reduction) and the realized magnitude of the improvement. These cost savings are consistently refined 
based on our continuously updated model development efforts using the latest experimental data and 
anticipated implemented timeline.  

Regarding the comment, “PNNL noted in their comments that the target is 8,000 hours for 
commercialization. It was not clear if the 2,000-hour run was sufficient to provide this pro forma target”: 
Yes, the goal is to achieve a modeled hydrotreater catalyst life of 1 year (>8,000 hours). To achieve a 
modeled hydrotreater catalyst life of 1 year, we plan to do long-term catalyst lifetime testing for 2,000 
hours or more runs. We plan to use the long runs and look at the deactivation of the catalyst as a function 
of position as well as learn about the deactivation rate based on the change in activity with time. Based 
on the slope of deactivation and the local deactivation rates (top versus the main section of the catalyst 
bed), we believe we can achieve a modeled catalyst life of >1 hour. In a 2,000-hour run, we did not 
change hydrotreating operation conditions for the first 1,500 hours. During that period, the deactivation 
is not measurable based on product quality. We are optimistic that this along with future 2,000-hour-plus 
hydrotreater experiments will enable us to estimate a catalyst life over 1 year. 
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PROCESS SCALE-UP TO PRODUCTION ENVIRONMENTS 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
This project supports BETO’s mission of 
transitioning bioenergy technologies to market by de-
risking integration, developing scaling relations and 
modeling that de-risks scale-up, and providing a 
feedback loop with lower-TRL projects to understand 
process and technology fundamentals. Two 
objectives were pursued during this merit cycle. First, 
the Thermal and Catalytic Process Development Unit (TCPDU), a 0.5-ton/day pilot plant, was used to validate 
kinetic models developed by the CCPC. Validating the models to accurately predict product yields and 
composition is a first step toward de-risking a common industry failure—taking too large steps between scales. 
In addition, these models help with the design and troubleshooting of new unit operations for the TCPDU. The 
second objective was to conduct the FY 2022 verification campaign around ex situ CFP. The primary 
challenge of this effort was the coordination of multiple national labs and projects. This was overcome by a 
dedicated leadership role and effective communication strategy between the projects. Currently, the project is 
undergoing a pivot based on a stage-gate decision to not conduct the verification campaign in the TCPDU, and 
it is focused on closing out the CFP technology at a smaller scale by the end of the current fiscal year.  

 

COMMENTS 
• It is very unclear what is going on. Whatever it is, the presentation does not do anything for it. It is very 

confusing and does not really address the project itself. I think the presentation assumed way too much 
context that we might not have. The project might be very clear for those in it, but not to us. I struggle 
with the presentation more than with what I’m starting to get is the project’s status. 

• This is an excellent example of the risk management tool being used to identify a personnel need in a 
risk area and addressing that risk. The PDU works with lower-level R&D groups (routinely) and industry 
groups (at least on an infrequent basis). It is not clear whether the group pushes back on R&D to steer 

WBS: 3.4.2.302 

Presenter(s): David Robichaud 

Project Start Date: 10/01/2018 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $5,250,000 
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their research toward more commercially available equipment. This can be more valuable than listening 
to what they need and finding or designing new equipment. It is not clear how this team is selling itself 
to other groups or outside industry. The impact of this PDU appears to be minimal within BETO and did 
not report any significant projects that are active. There is strong collaboration between BETO entities 
but no external collaboration for this project other than Particulate Solid Research, Inc., which was 
mentioned for design assistance. A cold flow unit would be of assistance to catalyst developers and 
modelers trying to understand how their particles will behave in a bubbling bed. Modeling efforts 
discussed in the SDI panel have not included any cold flow experimentation. It is great involvement of 
the modelers to be physically in the field to understand data points and which data were being collected 
and how. It would have been interesting to hear how the data were collected differently based on the 
modelers’ feedback or how the modelers had to change their model based on how it was in the field. This 
is a good example of using go/no-go criteria to stop a project prior to additional funds being spent on 
something that otherwise would not work. It is great to see that although the project is being delayed, it 
has a higher chance for success. The plan for multiscale modeling was unclear, such as what information 
was available at the start of the project and who else was consulted doing similar models; the FCIC is 
noted to be collaborating, but the specific task or group was not mentioned. 

• The presentation for this project was unclear as to what specifically is being done, possibly because it 
was assumed that the reviewers had prior knowledge of the activities/approach. Several of the concepts 
introduced (e.g., “How do you make sure data are relevant to the next scale?”) are excellent but lacked 
details as to the implementation. The comment, “Successful application of the risk mitigation strategy to 
inform a proactive verification pivot” sounds very much like, “We couldn’t do CFP at the pilot scale, but 
we found a way to keep the funding.” More information should be shared about this: What was the issue, 
and can the success be shared with industry to prevent similar issues for others? 

• The project seems focused on incremental improvements to a fairly narrow technology  that is not 
necessarily ever going to be a winner. It seems more like a generic set of tasks to maintain and improve 
an existing pilot plant. Where is the evidence that this should be done in preference to abandoning this 
line of research and spending the money elsewhere? In particular, it seems that the comment to “consider 
alternatives” on slide 6 will be very narrowly drawn. The sidebar on H2 safety was not very well 
integrated or explained. Was there a serious incident in this facility? The modeling work is not well 
connected to the pilot plant upgrade, other than to add sample points. Where is the technology going, and 
what is the justification for going there? There is too much attention to what/how, not enough to why. It 
is also not clear exactly how they “disrupted the story.” What actually happened? The failure/pivot was 
not really explained. There should be a more serious review of the value and purpose of this facility 
before significant additional sums are spent on its maintenance/upgrade. 

• This reviewer found the overall goal of the project nebulous and ill-defined. It seems to be a catchall for 
problems that are not solved elsewhere; however, it seems that these issues should be solved within those 
projects. The impact of the project was noted that poor performance led to pivoting away from piloting. I 
do not see how this is an impact. This should always be present as a go/no-go decision before piloting, so 
it is unclear why piloting was included in this project if bench-scale results were not promising or if they 
had not yet been conducted. This project assumes that the reviewers have information not in evidence to 
the reviewers. 

PI RESPONSE TO REVIEWER COMMENTS 
• A primary comment from the reviewers of this project was that there was an over-assumption of context 

provided prior to the presentation. This is true. We assumed that the details of the verification effort and 
the CFP technology would have been provided in advance, and we apologize for the oversight. The 
purpose of this project was to prepare for and conduct a pilot-scale campaign of the CFP technology. 
This included modifications, including safety, to the pilot facility; participating in a multi-project stage 
gate of the CFP technology and its readiness for scale-up; and culminating in the execution of the 
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campaign. Although many of the modification designs were in progress or have been completed, the 
stage-gate process demonstrated that the technology was not ready for scale-up. Part of the pivot for this 
project was to develop methods/procedures to help catch issues raised earlier in the stage gate and to 
provide support to the early-to-fail paradigm going forward.  

The comments regarding the modeling are well received. Very little modeling was available at the outset 
of this project in relation to the verification technology and piloting. The modeling support that was 
provided was the result of collaboration among this project, the FCIC, the Chemical Catalysis for 
Bioenergy Consortium, and the CCPC. Although we do not have cold flow units of our pilot capabilities, 
the National Energy Technology Laboratory does have a variety of cold flow setups that they use 
extensively to support modeling work, including verification of flowability parameters (e.g., drag 
coefficients) of our catalysts and biomass feedstocks. The use of their capabilities, though not exactly 
related to our systems, greatly improves their ability to accurately model our systems. It is our intent to 
continue to collaborate with the CCPC, which provides the modeling support across a variety of BETO-
funded efforts. As part of that continued collaboration, we will work with the CCPC to evaluate the 
added value of cold flow capabilities to supporting the design, operation, and de-risking of the facility.  

The focus on H2 safety during this project was not due to an incident in the facility or one associated 
with the technology at other scales. The underlying technology that we were being tasked with piloting 
required substantial quantities of H2; however, our facility was not designed to operate under H2 
conditions. Given the age of the facility and the potential severity of an incident (as established in a 
precampaign process hazard review), we spent considerable time and effort to design safety controls and 
procedures to ensure an incident would not happen. The H2 safety designs that we developed were not 
incorporated into the pilot plant due to the no-go stage-gate decision; however, those designs were 
utilized by at least one other project and provided a good deal of insight into how we might remodel our 
facility to support future technologies that BETO will invest in. 
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UPGRADING OF STILLAGE SYRUP INTO SINGLE-CELL 
PROTEIN FOR AQUACULTURE FEED 
White Dog Labs, Inc. 

PROJECT DESCRIPTION 
In this project, the fermentation streams from a 
cellulosic ethanol plant will be upgraded into a high-
value single-cell protein (SCP) product that is 
enhanced with butyrate for broiler feed applications. 
Currently, after the cellulosic fermentation, the 
ethanol is distilled, and the solids containing protein, 
lignin, and other non-fermentables are dehydrated to 
produce a low-fiber, high-protein dried distillers’ grains with solubles (DDGS). White Dog Labs, Inc., 
proposes performing a quick fermentation on the beer, before distillation and dehydration, to generate an SCP 
that can boost the protein content of the DDGS already being produced by the cellulosic ethanol plant. In 
addition to the increased protein, the fermentation would generate butyrate salts in the form of ammonium 
butyrate, which can be blended with other DDGS to deliver an efficacious dose of butyrate to broiler chickens. 
In the proposed project, led by White Dog Labs research scientist Carrissa Wiedel, we will produce SCP 
enhanced with butyrate from cellulosic streams and conduct a broiler chicken feeding study to validate the 
nutritional value of the SCP. Inclusion of the proposed SCP process will increase the value of the plant’s 
current DDGS that are suitable for monogastric animals, including swine and poultry.  

 

COMMENTS 
• This is a great project and idea. It is unclear if any work is being done at the ethanol facility or if all of it 

is being done at the lab with shipped feed. There are some questions on the variability of the feed, etc. 
The plan to adapt strain to each feed could work but has some potential downsides if it is too costly or 
too much work. How is the product acceptable to animal growers? 

WBS: 3.4.3.201 

Presenter(s): Carrissa Wiedel 

Project Start Date: 01/01/2018 

Planned Project End Date: 12/31/2021 

Total DOE Funding: $3,307,290 
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• This project is clearly being managed with appropriate tools and metrics. The team is working with 
previous partner companies, which will facilitate success. The project demonstrated a great ability to 
identify problems and pivot to alternate technical and market solutions. This project is a great 
demonstration of project management and approach. The project has a strain library that they select from 
to find the best strain for a specific stillage stream, and the team has not found a particular technical 
challenge in adapting their strains to this process. It would have been of benefit to better understand the 
strain selection process, the challenges, and the risks associated with new process feed streams in the 
future. The schedule for this activity was 6 months, which is a long time for a task without technical 
challenges or risks. The value proposition to a potential cellulosic facility not demonstrated at $25–
$50/ton is not clear without the associated CapEx. It is unclear what the internal rate of return impact to a 
facility would be. It is unclear whether the butyrate or SCP would be impacted going from wet distillers’ 
grains with solubles to DDGS. Based on the location of the ethanol plants, the DDGS would need to be 
dried prior to shipment as chicken feed. The project appears to have made strides in the technical goals, 
showing reasonable fermentation times on unfiltered material. The project would not have been 
successful without pivoting in the manners they have had to. The project schedule appears to have been 
severely impacted by the loss of their feedstock supplier for this project. The project did not have any 
engineering design-related tasks in the schedule. It would have been good to understand the overall 
schedule for the design of the system (front-end design package, etc.). Their design partner is noted to 
have only 1% of the total project costs. 

• It is unclear how big of an impact this project can/would have on the existing (huge) SCP market; 
piggybacking on existing ethanol facilities will provide limited growth opportunity. It would be very 
interesting to see tests on clean cellulosic sugars and how much of an impact this technology could have 
on the TEA of a cellulosic biofuels company using this SCP as a coproduct to improve financial 
viability. 

• The connection to cellulosic sugars is unclear. On slide 4, the team shows the process working on a 
cellulosic stream within a corn ethanol plant and with their feed product simply blended with DDGS 
from the corn. A true cellulosic ethanol plant would not have an animal feed product available for 
blending, so at least some of the process/product integration shown would be absent. In fact, despite the 
project title, there does not seem to be any real synergy with cellulosic ethanol; the team could as easily 
ferment a slipstream of corn-based sugars to make their SCP with butyrate. Not much attention was 
given to the management or approach. Course correction in the face of adversity looks like it turned out 
well. The progress is reasonable given the timing and spend and allowing for both the project disruption 
and COVID. 

• This project is well managed and appears to have executed a well-thought-out pivot to producing food 
for chickens. It is hard to assess the impact of the project because no information was provided regarding 
the value of the additional protein. We all know that protein is important in animal feed, and we have 
learned that butyric acid is also important, but just how valuable was not provided. It is also unclear why 
chickens were selected. Cattle is the largest market for DDGS, so some sort of justification for focusing 
on chickens should be provided. Finally, more discussion on how specific the culture of organisms 
would be to the specific waste stream would have been helpful, although the presenter briefly addressed 
it during the question-and-answer period. It appears that the team has made good progress toward their 
goals, and I commend them for recognizing an issue with their initial approach and developing a nice, 
technically sound, and well-managed pivot to a more promising technology. 

PI RESPONSE TO REVIEWER COMMENTS 
• All the work is currently being done by White Dog Labs using cellulosic streams being shipped to us by 

Ace Ethanol, LLC. Thus far, all the material we have received has been relatively uniform, with only 
slight variabilities. Because of this, each time we have been able to adapt Strain 8 to the feed during the 
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seed train, which is not costly or time-consuming. The DDGS product is accepted by animal growers 
because the butyrate in the final product helps with gut health, weight gain, and feed efficiency.  

For the strain selection process, we screened our library to see which strains could consume the highest 
amount of the remaining sugar and the acids in the feed but not consume any of the ethanol, which 
would have the fastest doubling time, and which would require the least number of transfers for adapting 
the strain to the feed. Also, note that there is no indication today of any additional CapEx needed. We 
would incorporate this fermentation into their existing process, therefore using equipment that is already 
at the plant as part of the standard D3MAX process. Because no additional CapEx is required, we can 
easily estimate the internal-rate-of-return impact based on the original model with the added benefit of 
the butyrate in the DDGS. We can estimate that the inclusion level of 1,500 ppm would generate a 
premium DDGS with butyrate worth $50/ton more than traditional DDGS. Based on the pounds/hour of 
solids generated at Ace Ethanol, we can estimate that they would be able to generate 30% more revenue 
from the DDGS with butyrate. The butyrate and SCP should not be impacted going from wet distillers’ 
grains with solubles to DDGS, and the butyrate should not be volatile with the ethanol because it will be 
in salt form. The increase in feed value will come from the addition of the butyrate in the feed, not 
because of the slight boost in protein.  

Although cattle represent a large market for DDGS, the United States has the largest broiler chicken 
industry in the world, with 9.18 billion broiler chickens produced in 2019. Cost, timelines, and the 
amount of DDGS with butyrate needed for feed trials were also deciding factors with how to move 
forward with this grant. Ultimately, based on our results with broiler chickens, we would like to provide 
this to a more diverse market to include cattle and swine. If we were to separate out an SCP product, it 
would be in such small quantities that we agree it would not have much of an impact at all in an SCP 
market; thus, it does not seem to warrant this approach. Instead, we are taking a modified approach and 
allowing the cell mass to go through the process into the final DDGS. Regarding testing on clean 
cellulosic sugars, you are right—it makes a lot of sense that, in addition to making ethanol, you could 
take a portion of that clean cellulosic sugar to make an SCP product. We have good indications from 
using corn dextrose that a stand-alone plant by itself—not even making a biofuel—can be very 
attractive; however, at this point, we have not assessed its value in the context of an integrated cellulosic 
biofuel plant. Thank you to the reviewers for all the comments and insights. 
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OPTIMIZATION OF CARBON EFFICIENCY FOR CATALYTIC 
FAST PYROLYSIS AND HYDROTREATING 
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
The overall goal of this work is to support the 
development of the CFP platform by addressing 
knowledge gaps in the integration of the CFP process 
and hydrotreating. Hydrotreating of the product from 
the CFP process (CFP oil) is required to produce 
hydrocarbon fuels. Co-hydrotreating of CFP oil with 
petroleum feeds reduces the MFSP of the bio-based 
fuel via utilization of the economies of the large scale of petroleum refineries and introduces biogenic carbon 
directly into petroleum refineries. The challenges include ensuring that the introduction of CFP oil does not 
negatively impact the quality or the operability of the petroleum process and maintaining good deoxygenation 
of the CFP oil at the operating conditions of the petrochemical process. The objectives of the work are to 
demonstrate the production of quality fuel via co-hydrotreating, identify compound groups in CFP oils that 
negatively impact co-hydrotreating performance, and develop critical material attributes for CFP oils. 

Co-hydrotreating with straight-run diesel was chosen for this work due to the predicted continued high demand 
for middle distillate fuels. The results to date have shown that a fuel with good properties—a low oxygen 
content and acceptable cetane number—can be produced via co-hydrotreating. NiMo was found to be the 
preferred catalyst for co-hydrotreating due to its high hydrogenation activity and the corresponding high cetane 
number of the diesel product. 

 

WBS: 3.4.3.304 

Presenter(s): Kristiina Iisa 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $500,000 
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Photo courtesy of NREL 

COMMENTS 
• This presentation provided good insights into the newest developments for CFP. It could have provided a 

bit more detail on how the proposed integration into refinery hydrotreaters is to be accomplished because 
different refinery configurations and hydrotreating options are very varied. Which intermediate streams 
in existing refineries are targeted? How about the known issues with adding bio-oils to refineries (the 
presence of oxygen given rise to extra water production, N compounds, etc.)? Testing at 20/80 when 
targeting 5% mixtures does not seem relevant. 

• This project has a reasonable management plan and identification/mitigation plans for risks. It is not 
clear that the CFP oils being studied are representative of a sufficiently broad class of candidates. Also, 
is it clear that they are stable in shipping and storage? The fractionation of CFP oil should be the primary 
plan rather than the backup plan based on past experience, though this may somewhat depend on the 
nature of the CFP oils selected. But some such oils certainly ought to be fractionated, and it would be 
nice to include at least one of those for comparison. The team should also consider industry standard 
“accelerated catalyst aging tests” as a backup to “no negative impacts.” One concern in hydrotreating 
oxygenated oils is the very large exotherm that can be generated, but these are typically damped out in 
lab-scale equipment operating more nearly isothermally than adiabatically. Will per-pass conversions 
and reactor construction be suitable for observing any exotherms and their effects on catalysts?  

The U.S. average refinery size is a bit misleading at 140,000 barrels/day. There are 10 refineries 2.5–5.5 
times that size; these are the most sophisticated ones, and obviously they process a significant fraction of 
the crude by themselves. There are a couple dozen more approximately two times that size, and there are 
quite a few that are much smaller, and all of those are far less sophisticated. So although 140,000 
barrels/day may be average, it is not typical, and most crude by volume gets processed in larger 
refineries.  

Without the analysis of the CFP oils, it is difficult to say for sure, but the H2 consumption number seems 
very low—one was even listed at 0.0%. It does not seem like much hydrotreating at all is going on. But 
with a CFP oil C-efficiency of 94%–95% (slide 12), it seems like more H2 than that must be used just to 
cap that lost carbon? On slide 14, the apparent compositions of the bio-oils include high concentrations 
of oxygenated species. This seems inconsistent with the very low H2 consumption and the low final 
oxygen content of the hydrotreated oils. Are all the atoms getting accounted for here? Low-temperature 
pre-hydrogenation is pretty well known (slide 14). Was it a surprise that might be required? 
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• The presentation did not provide adequate information on whether industry involvement from refiners 
(operators and engineers) was gathered, especially during the creation of the risk management program. 
Refinery buy-in is absolutely critical for this path, and it is not clear if refiners are being brought in to 
monitor the progress of this technology. Additional tasks or measurements may be required for a refiner 
to incorporate this technology into their system. It is not clear if NREL has settled on a catalyst 
formulation and begun to produce commercial catalyst to further validate the abilities of this process. 
“No negative impacts observed” is a great risk to have covered, along with the quality resolution of 
“make it fail.” Too often projects do not see anything bad and falsely conclude nothing is wrong. There 
was a long delay (March–December) between characterization and testing. The composition of the CFP 
should have been taken right before testing; it was not clear if it was. The results did not appear to 
distinguish between the feedstocks or the process conditions used to make them. It is unclear if this 
project can understand the causes of the differences in the process results in this project. The overall goal 
of the project is excellent. I would like to have the project discuss the benchmarks for success—for 
example, how many hours of operation and at what scale would be required for industry to accept this 
technology? This does not mean it has to be done at this stage, but the overall plan should work toward 
that goal. The project is producing real results and is looking deeper into problems beyond oxygen 
content to understand the impact of what form the oxygen is in to understand the root causes. 

• The project is making great progress with respect to its goals. The management plan is lacking in detail, 
and this reviewer found it very concerning that the provenance of the bio-oils was not documented or 
explained. Bio-oil was used as a specific technical term, when, in general, bio-oil is anything but 
specific. Understanding and ensuring that all the original bio-oils were similar seemed to be glossed 
over, but this is critical to the success of the project and in interpreting and comparing results. It is great 
that the project is looking at coprocessing because although it introduces considerable risk to refiners, it 
is unlikely that separate processing will be cost-effective due to economies of scale. The impact of the 
project is good, but it could be improved. The impact was noted as risk reduction for industry adoption, 
which aligns well with the project. It would be great if instead of only suggesting mitigation strategies, 
these strategies were tested, or at least a high-level plan for testing these mitigation strategies was 
developed. 

• This is a good project that explores a potentially viable pathway to getting biofuels into the market. 
Given the ultimate goal, it would be good to see industry advisors (from the companies that own the 
hydrotreaters) providing feedback and guidance. It has been unclear whether coprocessing is a truly 
viable option for refineries, in part because there is often not enough focus on bio-oil variation. This 
project directly addresses the impact that varying compositions could have on refinery operations. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their detailed comments and constructive suggestions. We are in discussions 

with refiners and will seek additional industry feedback as suggested, including information on 
additional measurements desired by refiners. This will also aid in defining the metrics of success for 
commercial success as recommended by the reviewers. This project evaluates refinery coprocessing 
strategies together with 2.3.1.314 Catalytic Upgrading of Pyrolysis Products and 3.4.3.307 Bio-Oil 
Coprocessing in Refineries. We currently target hydrotreating with straight-run diesel refinery stream, 
but, as pointed out by the reviewers, there are several refinery strategies and hydrotreating options. 
Another potentially promising option would be FCC feed hydrotreater together with vacuum gas oil. 
Testing at the level of 20% of the CFP oil mixed with the petroleum stream was chosen because that 
level allows for a more accurate evaluation of the impacts, and although blends at the level of 5% CFP 
oil likely represent the first commercial-scale processes, the goal is to increase the blend ratio. As 
commented by one of the reviewers, in order to produce meaningful reductions in GHG emissions, full 
replacement of fossil fuels is the ultimate goal.  
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The bio-oils in this study were provided by NREL under BETO-funded projects; we have full 
information on their provenance—including biomass feeds, reactor configurations, operating conditions, 
and details on CFP catalyst formulations—and we will include that information in future presentations. 
Experimentation time required (2 weeks per experiment) and the availability of CFP oils limit our ability 
to perform experiments. Instead, our goal is to identify compound groups that negatively impact 
hydrotreating by testing a smaller number of oils and spiking oils with suspected detrimental compound 
types. This will allow us to determine critical material attributes for CFP oils, which can then be applied 
to oils from different feedstocks and processes. The base oil (Pt/TiO2 oil with 17% oxygen on a dry 
basis) in our experiments is similar to BETO’s 2019 SOT CFP oil and is thus relevant to BETO. Since 
the Peer Review, we have also hydrotreated BETO’s 2020 SOT CFP oil. We closely collaborate with the 
project 2.3.1.314 Catalytic Upgrading of Pyrolysis Products, and we plan to test new types of CFP oils 
they produce. Fractionation of CFP oils via fractional condensation is currently being evaluated in that 
project, and we plan to assess the hydrotreating of those fractions. In this project, we concentrate on the 
impacts of CFP oil compounds on commercial-type catalysts and hydrotreating processes, and we do not 
currently develop catalysts or processes. Initial comparisons between two basic types of catalysts were 
performed, as shown in the presentation, to select a catalyst for further experimentation. As noted by the 
reviewers, CFP oil hydrotreating produces water, which could be detrimental to catalysts, but some 
refiners already process fats, oils, and greases for renewable diesel; these feedstocks also contain oxygen 
and form water, and the information from these processes can be leveraged here. The nitrogen contents 
of many CFP oils—particularly those from woody biomass sources, which are likely to be the first to be 
commercialized—are low compared to petroleum streams, and petroleum refineries are set for 
hydrodenitrification. A potential problem is CFP oil interfering with the capability of the catalyst to 
reduce nitrogen contents, and that is one of the attributes we are evaluating.  

In addition to the processability of the CFP oils during hydrotreating, the stability of these oils during 
shipping and storing are important considerations, and the project 2.5.2.301 Development and 
Standardization of Techniques for Bio-Oil Characterization, with which we closely collaborate, is 
involved in developing methods for assessing storage stability. The timetable had been modified in the 
beginning of FY 2021 (October 2020). The long delay between analysis and testing (March to 
December) was due to delays caused by the pivot in BETO’s CFP program and COVID-related 
restrictions to laboratory access. Initially, the experiments were scheduled to be completed in June 2020.  

Hydrotreating CFP oils gives rise to exotherms, as pointed out the reviewers. We have up to six 
thermocouples in the catalyst bed to measure temperatures and evaluate exotherms. In addition, we 
assess the magnitude of the exotherms by thermodynamics and heat transfer calculations. The exotherms 
will also be significantly smaller for co-hydrotreating than for stand-alone hydrotreating. Low-
temperature hydrogenation, sometimes in two stages, is a well-known strategy for the mitigation of bed 
plugging in the hydrotreating of non-CFP oils. Because of the upgrading during the catalytic pyrolysis 
step, the properties of the resulting bio-oil are improved, and single-stage hydrotreating without prior 
hydrogenation has been utilized. Our current research aims to identify potential problems caused by the 
variety of catalytic pyrolysis oils and suggest mitigation strategies, and we wish to be able to test them in 
a continuation of this project.  

Thank you also for the opportunity to clear some misunderstandings that arose from the short 
presentation. The low H2 consumption values on slide 12 were for hydrotreating of the petroleum stream 
alone; the values for co-hydrotreating were 1.4%–1.5% of the combined feed. With 20% CFP oil in the 
mixture, this translates to approximately 7% of the CFP oil mass, similar to values for the stand-alone 
hydrotreating of CFP oils and well in excess of the H2 required for hydrodeoxygenation (2% or 0.02 g/g 
of oil is required for our base oil with 17% oxygen). The U.S. average refinery size was used for 
illustrative purposes only to demonstrate the difference in scales, and no decisions were made based on 
the types or sizes of refineries. 
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BIO-OIL COPROCESSING WITH REFINERY STREAMS  
National Renewable Energy Laboratory 

PROJECT DESCRIPTION 
The objective of this three-laboratory project is to 
accelerate the adoption of coprocessing biomass-
derived feedstocks with petroleum streams in 
petroleum refineries by developing and publishing 
data for processing renewable intermediates and 
offering coprocessing strategies. This project 
leverages unique national laboratory capabilities in 
catalysis, process development, isotope tracking, and TEA and LCA to conduct basic research through applied 
R&D to address major technical gaps in coprocessing and to reduce technology uncertainties to refiners. The 
first 3 project years demonstrated bio-oil coprocessing using continuous FCC and hydrotreating/hydrocracking 
systems with real bio-oils and industrial catalysts, tracing biogenic carbon incorporation using 13C-labeled 
biomass, and developing carbon isotope measurement methods.  

Accelerating refiner adoption is achieved in the next 3 project years by reducing risk around three critical 
needs identified by the project’s IAB: (1) an operability risk for process stability via catalyst deactivation; (2) a 
regulatory risk around rapidly measuring process biogenic carbon and oxygenates; and (3) a knowledge risk 
centered on the lack of coprocessing data, including feedstock compositions and contaminants, product 
compositions, reaction kinetics of biocompounds, and pathway TEA/LCA.  

Project metrics include assessing catalyst performance losses, causes and mitigation for both pathways, 
measuring biogenic carbon at <1% levels in coprocessing fuels, and generating process data for accurate TEA 
and LCA. A public database of feedstocks, coprocessing conditions, and biofuels will be available for refiner 
use, including TEA- and LCA-determined process cost and GHG impacts per pathway.  

 

WBS: 3.4.3.307 

Presenter(s): Kim Magrini 

Project Start Date: 10/01/2020 

Planned Project End Date: 09/30/2021 

Total DOE Funding: $750,000 
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Photo courtesy of NREL 

COMMENTS 
• This presentation was good, but it needs more refinery insight and operations experience. Is 

hydrotreating/hydrocracking and FCC possible in one refinery? There is a need to clearly understand the 
value (advanced optimization is needed). Why is biogenic carbon tracking needed? Should not a simple 
carbon accounting balance be enough? What is the value of added bio-oils, the value created? How was 
TEA performed? Should be calculating the cost of an external (bio-) stream to achieve fuel costs. That is 
a different way to look at it. 

• The tasks of the refineries were not clear. It seems they were involved in an advisor role only. It would 
be of benefit if NREL could entice these entities into a greater participatory role. It would be beneficial 
to know what refineries have told BETO regarding the willingness to adopt a new catalyst recipe. 
Refinery buy-in is critical for this path, and it is not clear if refiners are being brought in to monitor the 
progress of this technology. The project is aware of the further challenges in refinery adoption, but there 
are not any further plans to do this work at a pilot scale. The 8% displacement is massive in industry, 
even if it is a small number. The corn ethanol industry displaces 10% of petroleum and supports 
thousands of jobs and billions of dollars in gross domestic product. It would be good to understand the 
non-RIN value of the blend versus the standard FCC output (slide 12). The project has done a good job 
of providing tasks to each of the known risks of this technology blend and is clearly working toward 
eliminating roadblocks to the development of bio-oil and FCC blending. The project discusses the long-
term catalyst stability risk, but the presentation is not clear on how this is being measured 
experimentally. The reviewers would like to know how the project has assessed performance, how 
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frequently it has regenerated its catalyst, and how it projects performance. Potassium and sulfur are 
mentioned as elements under study for catalyst deactivation; however, the impact of other more minor 
elements, or those that are known to easily be resolved through regeneration, do not appear to be under 
study. If the catalyst needs to be regenerated more frequently, that, too, would have a serious impact on 
the refinery.  

The metrics of the demonstration of the FCC/hydrotreating and hydrocracking fuel production were not 
provided. Without these metrics, it is hard to evaluate whether this project has successfully impacted the 
state of biofuel production. The comment “linked to FCIC database” is unclear. The interface should be a 
singular consistent user interface, not a conglomeration of different programs that are merged together. It 
is not clear whether the development of the instrument is ongoing or is considered complete. The fidelity 
of the carbon monitoring device is critical on equipment that is pumping millions of gallons per day. The 
presentation noted that it could measure down to a percentage, but this does not provide sufficient 
information to determine its benefit. 

• This is a great project that is directly addressing knowledge gaps limiting the commercial processing of 
bio-oils. It has excellent industry participation, clearly identified challenges and a research approach to 
address them, and plans for a published database to disseminate information post-project. 

• This is a solid project overall. It has a good management and risk mitigation plan; excellent outreach to 
catalyst vendors and refiners; and an effective plan to target the right feedstocks for the right processes 
and to acquire data, both primary (conversion to products) and secondary (catalyst life, operational 
issues, etc.). Progress so far has been good, and success versus the stated objectives seems likely. The 
one major concern is that by targeting low-level blending, the project may be a tactical success but a 
strategic dead end. We do not need 5%–10% bio content in a couple of process units; we need refineries 
that are processing >75% renewable feedstocks. If this is clearly a step along that path, fine, but it was 
not clear from the material presented that was so. The BETO vision for existing petroleum refineries 
should be that they will process mostly renewable feedstocks or they will go out of business. 

• This is an excellent project that is achieving good results. I am amazed at the complexity of the project 
and how the objectives are being met despite this complexity. The team may want to review its 
objectives to ensure that they are not overstretched and can continue to function at a high level. It is well 
managed with excellent industry involvement. As with other projects, I really like that they are looking 
at coprocessing, and coprocessing in numerous unit operations. This reviewer also likes that they are 
tracking and documenting the feed quality and consistency, a deficiency of other projects. This is a great 
project and a great team.  

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their positive comments about this coprocessing project, including their 

support of the knowledge gaps the project is addressing, the database development, and industry 
participation through the project’s IAB. We agree that increased refinery insight and operations 
experience are needed, and we are expanding refiner participation in the next 3 years of this project. We 
did not mention in the review that we are currently performing FCC coprocessing tests for two major 
refiners using NREL’s Davison Circulating Riser system with their specific feedstocks and catalysts to 
define process parameters. We are also working with a refinery, which is producing renewable diesel by 
coprocessing biofeed, to evaluate coprocessing wastewater sludge HTL biocrudes in their hydrotreating 
unit. Additionally, biogenic carbon tracking is an ask of our IAB: to understand where biogenic carbon is 
reporting both during coprocessing and in the final product. Note that California is requiring 14C analysis 
of biogenic C-containing fuels for RINs.  

Finally, TEA was performed using an Aspen refinery model and project-generated coprocessing data. 
The Johnson Matthey catalysts used in the FCC coprocessing work are HZSM-5 catalysts modified to 
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enhance bio-oil conversion while retaining their original ability to convert vacuum gas oil. Catalyst 
characteristics must be maintained for FCC operation, and the modifications adhere to this requirement; 
thus, refiners should not have issues using these catalysts in their FCC systems. The SOA hydrotreating 
and hydrocracking catalysts provided by an industry partner were used for our coprocessing study. 
Project plans in years 2–3 will address catalyst lifetime and potential deactivation from fugitive 
contaminants, as will regeneration requirements for both FCC and hydrotreating/hydrocracking 
coprocessing. The bio-oil and biocrude database can be linked to the FCIC feedstock database because 
both use LabKey as the platform; this approach leverages the information in both databases for 
researchers and refiners.  

The biogenic C measurement systems under development are slated for ease of use and ruggedness in a 
refining environment. We agree that the more bio content in fuels, the better; however, refiners have told 
us that for FCC coprocessing, 10 wt % bio-oil blend is the current upper limit for coprocessing in FCC 
units. Greater than 10 wt % upsets downstream processes. Also, consider that biomass resources may 
limit how much bio-oil and biocrude are available for coprocessing.  

We thank the last reviewer for their positive comments—they are very much appreciated. We believe 
tracking feed quality and consistency is a critical process parameter that must be understood if 
coprocessing is to be successfully adopted by refiners. 
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INTEGRATION OF IH2 WITH THE COOL REFORMER FOR 
THE CONVERSION OF CELLULOSIC BIOMASS TO DROP-IN 
FUELS 
Gas Technology Institute 

 

COMMENTS 
• This is an excellent project with a sound technical approach and the potential to make a significant 

impact. It is clear that the presenter is experienced with developing and scaling up new technology, and 
the integrated hydropyrolysis and hydroconversion (IH2) technology is known to be a promising, well-
tested strategy. The reviewer would have preferred slides that were more detailed and, in a word, 
meatier. The management plan did not address the risks and mitigation strategy. The approach is 
sufficient but not detailed. No data or plans were provided, and the key technical challenges were very 
high level and were not really challenges but successes. It can be said that the review came at an 
awkward time, i.e., shakedown, which is a time of little to no data, known procedures, and much day-to-
day problem solving, but I found the lack of detail disappointing. The impact of the project could be very 
significant due to the simplification of the flow sheet. The process improvements incorporated into the 
design and their associated impacts should significantly improve the economics and potential 
commercialization of this technology. The project looks on track to meet its goals, but it is difficult to 
assess due to the timing of the review. 

WBS: 3.5.1.101 

Presenter(s): Terry Marker 

Project Start Date: 10/01/2019 

Planned Project End Date: 06/30/2022 

Total DOE Funding: $1,596,065 
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• There is potential for significant impact of a reforming catalyst to handle carbon monoxide (CO) without 
CO2 removal. The process has nearly 500 hours of time on stream (TOS) so far. The overall status of the 
catalyst in terms of its development plan was not presented. The validation plan for the catalyst would be 
helpful. Rapid cycling valves is a small but important improvement in reducing the overall size of a 
future facility. The project team has identified a consistent feedstock PSD as a key attribute in its 
development and has identified a new technology that they believe can provide them quality feedstock 
for this project. There are significant CapEx savings from utilizing the new reformer catalyst to cut down 
on several unit ops. It would have been beneficial to see TEA with and without the new reformer. The 
project team outlined clear goals to advance their technology to be more commercially viable; however, 
the project does not provide clear guidance (TEA/LCA) on where they are and what they consider 
commercially viable. This leaves the reviewer aware of a goal but unaware of what it looks like or 
whether the project knows what it needs to get there. 

• This is a good project with a good management team and good industry engagement. “Avoid the bad 
stuff, and go straight to making the good stuff” is an admirable approach. It was unclear from the 
presentation whether there is commercial application for the catalyst beyond this process or whether the 
improvements in the lock hopper can/will be shared with industry as a whole. The integration of the 
reformer into the process to utilize the biomass-generated C1–C3 gases (versus natural gas) is an 
excellent advance, and it would be good to see this applied to other H2-demanding projects. 

• This was already a promising technology, and this project introduces multiple potential improvements, 
particularly the H2 self-sufficiency required for a top-notch LCA result. The management plan is 
superficial, and it should be more detailed. Progress is very good for the middle of budget period two. 
Catalyst stability and integrated system performance/stability over longer run times will be the key to 
success. 

• This is a very good and interesting extension of the IH2 development by adding a new reformer 
combining steam and “dry” reforming. There is great collaboration with Shell and KBR. Hydrogen 
generation and balance is always under question until it is demonstrated at the commercial scale and for 
reasonable times. 
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TRIFTS CATALYTIC CONVERSION OF BIOGAS TO DROP-IN 
RENEWABLE DIESEL FUEL 
T2C-Energy, LLC 

PROJECT DESCRIPTION 
T2C-Energy has developed and patented a novel 
catalytic technology we have trademarked as TRIFTS 
for the direct conversion of biogas to drop-in 
transport fuels. A key aspect of the technology is the 
utilization of both the CO2 and CH4 portions of 
biogas and incorporating them into the hydrocarbon 
backbone of the final product (renewable drop-in 
diesel). We have previously collaborated with DOE to build a mobile pilot facility for the purpose of testing 
the technology on-site at multiple landfills and anaerobic digesters. The unit was designed to convert a 9–24-
scf/min slipstream of raw biogas into renewable transport fuel. Successful demonstrations and testing at 
engineering scales are a proven pathway to commercialization and provide confidence to all stakeholders for 
scale-up. This project focuses on rigorously testing our TRIFTS technology at the engineering scale to convert 
a diverse range of biogas feedstocks derived from MSW, wastewater, animal waste, food waste, and crop 
residues into high-quality, renewable, drop-in diesel fuel. These feedstocks present variations in biogas feed 
compositions and varying levels of impurities that offer unique challenges. We therefore seek to prove the 
robustness of the TRIFTS process over this broad biogas range and efficiently convert them into middle 
distillate hydrocarbons in a profitable manner and at scales that were traditionally not economically feasible. 
The biogas variations, catalytic parameters, process dynamics, system performance, heat and mass recycle 
streams, process LCA, maintenance cycles, and fuel product quality will all be monitored and studied over 
sufficiently long periods to optimize the efficiency, productivity, and economics of the TRIFTS process and to 
determine the scaling factors and equipment specifications for commercial application. As of February 2021, 
the pilot unit has been demonstrated at a county municipal landfill and a private dairy farm anaerobic digestion 
with more than 5,000 hours of total run time processing raw biogas. The fuels produced were tested under 
ASTM D975 standards and met specifications for No. 2 ultra-low-sulfur diesel. The current modeled MFSP is 
$2.44/GGE for a 55-barrel/day production plant processing 1,000 scf/min of biogas. Economic opportunity; 
job creation; the production of drop-in renewable fuel, fertilizer, and fresh water; and the creation of circular 
economies within the United States at the rural and metropolitan levels are direct impacts of this project. 

WBS: 3.5.1.201 

Presenter(s): Devin Walker 

Project Start Date: 10/01/2019 

Planned Project End Date: 10/01/2022 

Total DOE Funding: $2,909,698 
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Photo courtesy of T2C-Energy, LLC 

COMMENTS 
• This is a very interesting project and technology. Some bits are a bit optimistic, but the technology and 

business model have great potential—specifically the mobile pilot plant within a truck and the universal 
waste. CapEx is verified by an engineering, procurement, and construction (EPC) firm. two catalysts in 
the project in-house seems risky, but it is great if it works. This is interesting low-carbon fuel standard 
(LCFS)/carbon intensity math; achieving additional lower carbon intensity with upgrading is 
questionable. There is no hydrotreating; only a single product from Fischer-Tropsch as a blendstock of 
$2.41/GGE per 1,000-scf/min scale. 

• The project appears to be well managed and has a good approach to successful completion. The team is 
aware of risks and is actively managing them. Obtaining the assistance of an EPC contractor to verify the 
costs is an excellent approach. The project has developed a unique reforming catalyst that can convert 
both CO2 and CO. This allows them to remove several units of operation from the process. The 
operational and CapEx costs impacted by not removing the CO2 have to have been offset by the gain in 
yield, but that was not made clear in the presentation; however, a much simpler process with fewer unit 
operations is likely to be the more economic approach. The scale of the future commercial facilities is 
relatively small, making offtake a challenge for this technology. Additionally, this project will need to 
compete with RNG projects at many of its potential sites and is regionally limited by the fuel it is 
producing (cold filter plugging point [CFPP], flash). So although this technology likely has several 
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homes, siting these locations will be challenging. The project has developed a focused technology that 
helps to provide a stranded feedstock problem. Scale-up metrics were not provided. The project will 
need to produce significantly high yield compared to kilowatt-hour production potential to be profitable. 
It is unclear how long the catalyst is supposed to last from a pro forma perspective—6 months is not a 
long time for a catalyst. All contaminants must be water soluble to be removed in this system because 
there do not appear to be any other scrubbing or filtering methodologies in place. The metrics listed 
appear to be impactful and measurable targets. The project provided a clear and well-organized project 
plan and appears to be making great progress toward their overall project. The mobile pilot plant will 
provide a great approach in evaluating the different potential feedstocks. The project presentation did not 
demonstrate that the kinetics of their process have been fully understood with the various potential sites. 

• The management plan was good, but it could have been improved with more detail. Also, the risks and 
mitigation strategies got intermingled in their slide. All were listed as risks, but many appeared to be 
mitigations. The approach is excellent—using the trailer to develop the technology is a good use of 
resources. Also, the team appears to want to minimize unit operations and thus complexity. After 
numerous presentations with multiple products and unit operations where it appears that finding 
interesting things is more important than executing the project plan, this was a welcome respite. The 
choice to develop an imperfect (i.e., does not have the full range of diesel) fuel to limit project 
complexity could just be the factor that enables this project to be successful. The impact could be very 
significant, especially if some type of cooperation of small facilities was developed and the produced 
fuel was used in niche applications (e.g., farm machinery) or summertime blends. The ability to be 
small-scale and located at the farm and then pooling the dense liquid fuel could be very advantageous. I 
did not give the impact a perfect score because the team needs to determine where and how their fuel 
will be an acceptable substitute. 

• This is a solid project with the potential to produce diesel fuel from biogas. The economics of Fischer-
Tropsch are reasonably likely to work because they avoid both wax formation and the need for 
hydroisomerization. The price they pay is a blendstock that will be limited due to straight chains from 
meeting winter diesel specifications. The fuel is close enough that it still can be blended in high 
percentages, but it cannot be used neat in colder climates. The ability to use CH4/CO2 mixtures is key to 
the economics. This is simple and elegant. The management plan is good. The approach is especially 
detailed; all the relevant criteria are being addressed. This is among the very best in this round of Peer 
Review presentations.  

• This is a very interesting project that appears to make a drop-in fuel suitable for local use (Florida) only 
due to neat fuel properties. There is a concept here that begs whether—like the ethanol craze in the 
1970s—this technology is suited to farms for the self-production of biofuels for on-farm usage. 
Considering the energy density of both biogas and diesel, apparently approximately 20% of the biogas 
energy content winds up in the final liquid fuel product (based on the “final target” of 24 scf/min 
consumption and 11 wt % overall liquid yield), it looks like this technology would find it hard to 
compete with renewable natural gas from a purely energy storage standpoint.  

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their efforts and comments in the review of this work. A reviewer concern 

was related to TRIFTS fuel being limited in its use due to the cold temperature properties of the fuel 
produced. The winterization (use of additives) of diesel is commonplace within the industry. The 
TRIFTS fuel produced has a cloud point of −1°C and a CFPP of −4°C (the CFPP of typical No. 2 
commercial diesel is approximately −10°C). The addition of low-temperature additives to TRIFTS fuel 
would bring the CFPP to −14°C, making it acceptable for winter use within the majority of the United 
States. The TRIFTS fuel (100% neat) meets all ASTM D975 fuel specifications for ultra-low-sulfur 
diesel fuel, except for conductivity and viscosity. The conductivity is low to target relating to the static 
charge accumulation during the transmission of fuel and can be adjusted to the specification target with 



2021 PROJECT PEER REVIEW 

 

1247 SYSTEMS DEVELOPMENT AND INTEGRATION 

small quantities (<0 ppm) of antistatic additive. The viscosity is slightly low to target (1.8 versus 1.9 cSt) 
and can also be adjusted with small quantities (<15 ppm) of a viscosity improver additive. Both additives 
are widely used and readily available within the commercial diesel industry, adding flexibility to the use 
and distribution of the fuel. The addition of these additives (<1 vol % amounts) allows for the 
widespread use of the fuel throughout the year as a drop-in fuel replacement to petroleum-derived No. 2 
ultra-low-sulfur diesel. The overall product yield of 11 wt % included feed stream masses of not only 
biogas but also water and air, leading to a deflated yield value. The final fuel product contains 
approximately 41% of the original biogas energy content, with another 40% of the original biogas energy 
content being recycled as fuel gas to heat the reformer and to attain lower carbon intensity scores; thus, 
81% of the original biogas energy content is recovered by the process.  

Preliminary LCA models give a carbon intensity score of −36 gCO2 equivalent/MJ for a TRIFTS fuel 
landfill project compared to a score of +30 gCO2 equivalent/MJ for a typical landfill RNG project. 
Energy-dense liquid fuels are more widely used in transport and have a significantly higher dollar value 
in an unsubsidized petroleum market than natural gas on a dollar-per-MMBTU and dollar-per-kilogram 
basis. A significant financial benefit to the utilization of TRIFTS technology is that even though the fuel 
produced qualifies for environmental attribute revenue (e.g., RIN or LCFS credits), it is not reliant on 
them to be profitable and creates a more secure/long-term route to sustainable energy from waste when 
environmental attribute programs begin to reduce or remove incentives and petroleum spot prices 
become more influential over fuel revenues. This is a major benefit over current RNG applications that 
receive more than 90% of their revenue from environmental attributes. The TRIFTS process includes 
pretreatment of raw biogas streams with our proprietary cleanup process to remove sulfur, siloxane, and 
halogen contaminants to below detection limits. This pretreatment process was tested with our mobile 
pilot unit and proven to effectively remove contaminants from dairy, wastewater, and landfill biogas 
applications over industrially relevant time periods (>6 months). Typical inlet contaminant levels treated 
at the pilot level are H2S = 5,000 ppmv, siloxanes = 15 ppmv, and halogens = 5 ppmv. T2C-Energy is 
currently scaling the TRIFTS process for a 1,200-scf/min biogas landfill demonstration project and 
increasing its current catalyst manufacturing capability from 4 kg/day to 25 kg/day. The production cost 
for the 1,200-scf/min biogas capacity demonstration project is estimated at $1.47/gal renewable diesel. 
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INTEGRATED REACTIVE CATALYTIC FAST PYROLYSIS 
SYSTEM FOR ADVANCED HYDROCARBON BIOFUELS 
Research Triangle Institute 

 

 

WBS: 3.5.1.204 

Presenter(s): Dave Dayton 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2023 

Total DOE Funding: $3,000,000 
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Photo courtesy of Research Triangle Institute 

COMMENTS 
• This is a very interesting take on reactive catalytic fast pyrolysis (RCFP) under moderate H2 pressure to 

control the creation of oxygenated compounds, etc. It is always complex to get the right H2 balance 
among generation, use, and circulating amount. Some of the initial results are a bit underwhelming, but it 
is in the early days yet. The team should concentrate on arriving to steady state and then improving 
performance. Catalyst lifetime is key. It is good to consider different upgrading options and 
arrangements. 

• This is an excellent management plan. The Research Triangle Institute and the PI’s experience in 
developing and executing technology experimental and development plans is evident in the 
comprehensive and detailed management plan. The project is making good progress, but it has not been 
able to hit steady state or process longer than 150 hours due to plugging and other issues. The project is 
still fairly new, so there is still time to meet the goals, but it would have been great if the proposed 
approach to meet those goals, given the difficulties, had been outlined. Although the management plan 
and approach are excellent, they should be revised to address the technical issues. Due to the technical 
issues, at this time, it is unclear if the impact will be significant or if the goals will be reached. 

• The presentation was way too fast and difficult to follow. The nominal BFD on slide 2 is not useful. It 
does not begin to show all the key units of streams, and H2 does not just spontaneously take three right 
turns and go back to the unit it came from. The processes cannot be addressed if they are not revealed. 
The task structure is laid out in a very detailed way, with appropriate milestones. The motivation was not 
made clear. Pyrolysis in general, regardless of method, tends to show an inverse relationship between C-
yield and O-content. Why is RCFP superior, and is the push to higher C-yield simply moving into the 
range of hydropyrolysis, or is it breaking out of the inverse relationship somehow? If so, how? If not, 
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why use RCFP where hydropyrolysis will deliver equivalent results? The catalyst is much too unstable 
(slide 13) to draw any conclusions about the products. Even at 144 hours TOS, the final data point, the 
product distribution is still changing. Also on that slide, the H2/oil ratio is enormous! The value of 3,300 
NL/L is equivalent to more than 18,000 scf/bbl. If the feed is approximately 20 wt % oxygen, that is 
more than 12 times the stoichiometric demand for H2. This will complicate the reactor design, water 
recovery, and H2 recompression and recycle. If this huge excess of H2 is needed to prevent catalyst 
fouling, the process is highly unlikely to be viable. 

• This project discussed some of the differences between the different types of pyrolysis oils. It would 
have been more impactful to tie the information to the final product distribution, CapEx and/or OpEx, 
and overall profitability. Testing of the system did not appear to reach a steady state. After 144 hours, the 
gas chromatography analysis was still adjusting. It is unclear if the project understands what the steady-
state product looks like. It is not clear if the project continued to operate the reactor after 144 hours. The 
reviewer would have benefitted from understanding the state of the catalyst development and the 
additional risks/plans that the project has for the future.  

The project noted that they were attempting to test the catalyst for 500–1,000 hours to determine the 
lifetime, as is best practice, but it is not sufficient for a refinery application (8,000-hour testing). 
Depending on a number of factors, producing a batch of catalyst within only a 3-month period—if not 
requiring equipment or an outside manufacturer—would seem highly unlikely. This is an excellent 
representation of the efforts made in collecting and analyzing data. It appears that the data are being well 
managed on this project.  

Overall, the project is following a logical progression, which will help this project be successful. Similar 
efforts are ongoing elsewhere at DOE on the integration of refineries with bio-oil. The reviewer would 
hope that the project is talking with NREL on an ongoing basis and comparing best practices and process 
conditions, such as liquid hourly space velocity. Oxygen content shows a potential for a significant 
reduction in the final product oxygen content versus the other upgrading process. The control of the 
overall process appears to still be in development. I would like to know whether the impact of the 
different species listed is known or is still being studied. Based on the information provided, the project 
carbon efficiency goal is right at the top end of their expected potential for this process; however, no data 
point was shown at the target 50% conversion rate. It is not obvious why Research Triangle Institute 
believes this metric is possible with the technology.  

Refinery buy-in is absolutely critical for this path. It is critical to understand the level of information and 
type of piloting that is required to convince a refinery operation that the risk is sufficiently low for the 
potential payback. The project stated they were using a modification of a commercially available catalyst 
but did not discuss what modifications were being made or the overall validation and testing plan 
required for the new version. This is an excellent opportunity in the biofuel arena to involve the sunk 
capital of existing refineries in the biofuel space to help move these technologies forward and offer new 
avenues to biofuel production that do not currently exist. This cannot be the only pathway for biofuel 
production, but it could be a pathway. 

• This is a very interesting project with a very good management plan; the WBS and milestones are clear, 
there is an industry partner/advisor, and the go/no-go criteria for budget period 3 are specific, 
measurable, attainable, and time-related. Having just recently started, it is hard to assess the progress to 
date, especially given the continually decreasing catalyst performance. Additional detail around the TEA 
and the $3/GGE claim would have been appreciated. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for taking the time to evaluate our project and for providing constructive 

suggestions for improvement as the project advances. The primary goal of this project to design, 
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fabricate, install, and operate an engineering-scale (1–5-kg/hour biomass-fed) reactor system to scale up 
the promising RCFP process that was successfully demonstrated and developed in a 2-inch fluidized bed 
reactor in a previous BETO project. The addition of H2 in the pyrolysis reactor enhances the 
hydrodeoxygenation of the biomass pyrolysis vapors and tends to inhibit char formation, thus increasing 
the yield of the liquid hydrocarbon intermediate compared to other biomass pyrolysis technology 
options. Specifically, the high-pressure biomass hydropyrolysis process can achieve high carbon 
efficiency and low biocrude oxygen content, but the RCFP process targets similar performance at low 
pressure to avoid the technical challenges associated with feeding biomass across a pressure boundary. 
This project supports further process development to increase biocrude yields in a continuous RCFP 
process design that will include tail gas recycling to conserve H2 and return the C2–C6 hydrocarbon 
gases and light oxygenates back to the pyrolysis reactor. The condensation unit operations in the 
engineering-scale RCFP system will also be designed to improve the biocrude collection efficiency 
compared to the smaller laboratory reactor system.  

There are two integrated catalytic processes in this advanced biofuel pathway. Both processes utilize 
commercially available catalysts provided by our partners at Haldor Topsoe. The RCFP process utilizes 
a hydrodeoxygenation catalyst in the primary pyrolysis reactor as the heat transfer medium in a fluidized 
bed and for deoxygenating the biomass pyrolysis vapors. Currently, this catalyst is available as an 
extrudate that was crushed and sieved to the appropriate PSD for RCFP process development in our 
previous project. Catalyst development and scale-up in this project will focus on converting that 
formulation into a spray-dried fluidizable catalyst. These catalysts will be screened for RCFP 
performance in the laboratory 2-inch fluidized bed reactor to meet or exceed the performance of the 
extruded catalyst. The best-performing material will be used in the engineering-scale reactor system to 
further optimize the RCFP process to maximize the biocrude yield and to produce hundreds of liters of 
biocrude for upgrading. A commercially available hydrotreating catalyst is used in our pilot-scale 
hydroprocessing unit for biocrude upgrading. Only limited quantities (13 L) of RCFP biocrude were 
produced in our previous project, so upgrading was limited. We used the same hydrotreating catalyst and 
process conditions that we have used in past biocrude upgrading experiments so we could compare 
results. The proof-of-principle experiment was very encouraging, and although we only had enough 
RCFP biocrude feedstock for 144 hours of operation, the pressure drop across the reactor did not 
increase, suggesting no reactor fouling. With the much larger quantities of RCFP biocrude in this project, 
we will be able to operate the hydrotreater for much longer periods to focus on the steady-state 
hydrotreating catalyst performance and reducing process severity (temperature, pressure H2/oil ratio, and 
liquid hourly space velocity). The end-of-project goal is to produce 100 gallons of a renewable diesel 
blendstock from this integrated process and to verify that the blends meet the ASTM D975 
specifications. The TEA will be updated based on the results obtained in this project to validate an nth 
plant modeled MFSP of $3/GGE (2014$) for a pathway to hydrocarbon biofuel with a GHG emissions 
reduction of 50% or more compared to petroleum-derived fuel. 
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BIOCRUDE PRODUCTION AND UPGRADING TO 
RENEWABLE DIESEL 
Research Triangle Institute 

 

WBS: 3.5.1.301 

Presenter(s): Dave Dayton 

Project Start Date: 10/01/2018 

Planned Project End Date: 12/31/2022 

Total DOE Funding: $3,192,405 
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Photo courtesy of Research Triangle Institute 

COMMENTS 
• This is a newer project looking at catalytic pyrolysis and biocrude hydroprocessing. There are some 

interesting but commercially questionable process units and setup: the chiller (very expensive, high 
GHG, should be avoided if at all possible) and the solvents to recover extra carbon (very expensive to 
get at the total targeted carbon recovery; it is understood as a FOA requirement, but the economics of the 
process should and would eventually dictate the feasibility of the extra optional process variants). There 
are experimental issues for new processes that would hopefully be addressed soon. 

• The go/no-go decision criteria seem to be far short of reasonable. A 30% oxygen product at 20 wt % 
yield is terrible—it has an approximate 25% yield of carbon in the product, and with significant oxygen 
yet to be removed. Much will leave as H2O, but there will also be carbon losses. How can this be close 
enough to commercially viable even to be worth testing? This is confirmed on slide 10—the yield of 
solid is 55%–68%, with a further 9%–14% lost as gas. Only 20%–27% liquid yield is achieved. What is 
the point in doing further work with such yields? The table on slide 10 is also confusing. Which numbers 
are supposed to add up? Liquid, solid, gas = total, but how the other numbers relate is unclear. There is 
simply no point in the downstream processing of a liquid that does not represent a commercially viable 
yield. The catalyst’s stability (slide 18) was not achieved in 144 hours, so there is no telling what the 
product is going to be. Why are data presented for a catalyst that clearly has not yet stabilized? 

• The innovation in this project appears to be the use of a “crumbler” to prepare feedstock. Although there 
is some analysis of CFP performance with different sized “crumbles,” it would have been very helpful to 
include this in the comparison feedstock prepared via the traditional/prior method. In addition, a 
statistical analysis of the results is missing; it is unclear how meaningful the different results are (e.g., 
hot filter organic carbon balance). 
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• The variability of the biomass based on the portion collected did not appear to be a part of the study. 
This seems to have missed a big part of the lessons learned from other campaigns and projects that were 
executed by the same people on this team. The study of PSD and other properties mentioned is good and 
should be part of a feedstock study, but it should not be the end point. The project is being well executed 
and well documented. A change in pyrolysis temperature was not planned but required at a different PSD 
when the initial temperature used on other experiments was insufficient to provide the expected or 
required results. The project noted that a higher temperature was needed for heat transfer and 
documented this change. Certain things in the future process—such as 10% solvent loss, regeneration, a 
chiller—do not appear to have been studied for the larger design and their impact on the process 
economics. The management really needs to step back, look at the overall process, and ensure that the 
TEA is not getting out of hand with respect to the process requirements in development. The reviewer 
seems to have missed where the project demonstrated the 40% increase in yield noted in the summary 
slide. The project is attempting to increase biocarbon yield regardless of quality followed by mild 
catalysis upgrading to improve quality. The plan to continue to increase the catalyst temperature clearly 
indicates that a regeneration is needed, but based on the data shown, it is required at a high frequency 
(depending on maximum temperature). Regeneration data on the catalyst were not presented. The 
attempt to reduce H2 usage through a separate, smaller hydrocracking step makes technical sense 
because the H2 at a refinery will be more valuable than the CapEx required for the different unit. 
Hopefully a TEA was performed to test this assumption. The project is doing a good job of determining 
the first-principles root cause of CFP performance through the study of PSD variations. This is a good 
approach. The project plan was well laid out and logical, with sufficient information presented to 
demonstrate good planning and metrics related to a successful project. It was not clear if a cold flow 
experiment was performed to determine the fluidization of the catalyst or how else the model was 
determined. 

• This is a well-organized and well-managed project with a sound approach to a difficult set of constraints 
of improving costs, improving carbon efficiency and decreasing GHG emissions. It is unclear if the 
overall goals of this project make sense—i.e., should BETO be pursuing this? Combining the three 
ambitious goals into a single process/project results in a flow sheet with dilute aqueous streams that 
could be very expensive to upgrade/recover products. The flow sheet does not look commercially 
achievable due to its complexity. The program may be over-constraining this project. Due to the 
technical issues (e.g., plugging), it is unclear if the overall goals of the project will be met. This reviewer 
would have liked to have seen an updated plan for addressing the technical issues that were found. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for taking the time to evaluate our project and for providing constructive 

suggestions for improvement as the project advances. During the past 10–15 years, R&D efforts on 
biomass CFP, primarily at the laboratory scale, have demonstrated biocrude carbon yields between 12% 
and 32%, with oxygen content ranging from 4%–31%. Typically, CFP biocrudes from zeolites with 
oxygen contents less than 20 wt % have carbon yields less than 20%. Upgrading CFP biocrudes by 
hydrotreating to finished biofuels further decreases the carbon efficiency. Additionally, hydrotreating 
whole CFP biocrude in a single step suffers catalyst deactivation with TOS and usually lasts less than 
140 hours due to reactor plugging. The main objective of this project is to improve the CFP biocrude 
yield and the upgrading process at the pilot scale.  

There are several goals to be achieved during this project. First, evaluate the impact of feedstock 
preparation on biocrude yields in the CFP process and revisit the CFP process conditions to maximize 
biocrude yield. Second, improve upgrading efficiency by fractionating biocrude using selected 
separations techniques and developing strategies to independently hydroprocess each fraction to 
maximize biofuel production. Fractionating the biocrude puts less emphasis on hydrodeoxygenation 
during CFP while putting a greater focus on increasing biocrude yield. This study builds on past projects 
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that led to the design, fabrication, installation, and operation of pilot-scale unit operations for (1) CFP in 
a 1-ton/day unit and (2) biocrude upgrading in a hydroprocessing reactor system.  

The impact of feedstock and feedstock preparation on CFP performance has been a focus in the project 
until this point and is an ongoing effort in budget period two. We have evaluated the biocrude yields and 
quality produced from a softwood feedstock (Douglas fir) prepared to three different particle sizes (1 
mm, 2 mm, and 4 mm). We will repeat this activity with a hardwood feedstock (alder) that has already 
been prepared and delivered to the Research Triangle Institute. These feedstock studies are being 
supplemented by CFD modeling of the mixing zone and riser section of the pyrolysis rector in the 1-
ton/day pilot plant. The results of the modeling efforts will provide a better understanding of how 
process conditions can be adjusted to maximize mixing and conversion for the different particle size 
feedstocks to increase biocrude yields.  

In the third budget period, blends of forest residuals and woody biomass will be the primary feedstock 
for biofuel production. The raw material and feedstock preparation costs will be balanced with biocrude 
yields and quality in a TEA of the integrated process that will be completed by the end of the project.  

The second emphasis of this project is to develop new strategies for upgrading the biocrude intermediate 
into renewable diesel blendstocks. A primary driver of this effort is to segregate biocrude components 
that cause fouling in the hydrotreating reactor and expand the duration of upgrading experiments. The 
impact of process conditions on the steady-state hydrotreating catalyst activity can then be determined. 
Additionally, each fraction can be independently hydroprocessed to manage process severity and H2 
demand while maximizing biofuel production. Biocrude fractionation performed to date has produced a 
solvent extracted fraction and a raffinate (solvent-insoluble fraction). The raffinate was extracted with 
water to produce water-soluble and water-insoluble fractions. Upgrading the solvent soluble fraction was 
very successful—after 144 hours TOS, no increase in pressure drop across the reactor was measured. 
The hydrotreating catalyst activity was also partially recovered by increasing the average hydrotreating 
temperature during this experiment. Fourteen gallons of solvent-extracted biocrude has already been 
produced to build on this preliminary study. Upgrading studies with the water-soluble and water-
insoluble fraction were not as successful; however, we are investigating hydrocracking as an alternative 
to hydrotreating and opportunities for bioproduct recovery from the water-soluble raffinate fraction.  

A lot of biocrude upgrading is planned for the remainder of the project. The existing process model of 
the integrated catalytic biomass pyrolysis biocrude upgrading process includes an option for separations 
for bioproduct recovery. This model will be updated with a modified configuration for biocrude 
upgrading that represents the new strategy based on the experimental results collected during this 
project. This model will form the basis of an updated TEA for the integrated process to document the 
impact of feedstock preparation on biocrude yield and quality as separations are used to achieve 
commercially relevant upgrading to biofuel. The end-of-project goal is to produce 100 gallons of 
renewable diesel from this pilot-scale integrated biofuel pathway to inform a TEA for an nth plant 
pathway to hydrocarbon biofuel with a target modeled MFSP of $3/GGE and a 50% reduction in GHG 
emissions compared to petroleum diesel. 
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AGRICULTURAL AND WOODY BIOMASS TO DIESEL FUEL 
WITH BIO-OIL INTERMEDIATE 
West Biofuels, LLC 

PROJECT DESCRIPTION 
This project will demonstrate the production of a 
diesel fuel blendstock produced from biomass by 
gasification, Fischer-Tropsch synthesis, and 
coprocessing of the Fischer-Tropsch wax fraction in a 
conventional refinery unit operation, FCC. The use of 
a Fischer-Tropsch wax as a feedstock and/or 
blendstock in a standard petroleum refinery, either by 
replacing or supplementing fossil-derived materials with biomass-derived materials, is a very attractive option. 
This production pathway would economically advantage the biofuels industry by leveraging the multi-trillion-
dollar refining and product distribution infrastructure already in place for fossil-derived fuels. Specific goals of 
the project include: 

• Goal 1: Demonstrate the production of diesel fuel blendstock from biomass feedstock. 

• Goal 2: Facilitate the introduction of renewable carbon into the fuels infrastructure. 

• Goal 3: Reduce the carbon footprint of a refinery and the fuels it produces. 

The project team will use a gasification and synthesis process to convert biomass feedstock into Fischer-
Tropsch products. The project team will operate the West Biofuels 1-MWth fluidized bed as the gasification 
reactor (~5 MT/day of biomass input), with bed material circulating between the reactor and the regenerator. 
The product gas undergoes bulk conditioning to remove particulate, tars, and other potential contaminants 
and is then compressed and stored in a buffer tank for synthesis. In the synthesis processing unit, syngas is 
filtered through some additional filter beds to guard for additional contaminants, followed by a fixed-bed 
Fischer-Tropsch catalyst reactor using a Co-based catalyst and low-temperature synthesis conditions. The 
Fischer-Tropsch products are then separated into a Fischer-Tropsch gas fraction (15%–20%), a Fischer-
Tropsch diesel fraction (25%–35%), and a Fischer-Tropsch wax fraction (50%–60%). For comparison, 
project partner BEST Research will use the same syngas production process, but syngas is upgraded in a 
slurry-bed Fischer-Tropsch reactor so that the performance of the two approaches can be compared to 
determine the best option for further commercialization. 

To validate the usability of the Fischer-Tropsch waxes for making additional diesel fuel, NREL will 
coprocess them with petroleum-derived vacuum gas oil in an existing FCC pilot plant to produce a product 
high in diesel fuel precursor fractions. In addition, subsequent upgrading by hydroprocessing will be 
investigated to determine the benefits of additional processing to improve diesel yield. This work is being 
carried out in an existing pilot-scale Davison Circulating Riser reaction system. 

The objective is to introduce the biogenic feedstock to the FCC to preferentially produce products in the 
diesel boiling range. In particular, the use of a high-molecular-weight Fischer-Tropsch product as the 
biogenic feedstock—accompanied by a reduction in reaction severity—will allow shifting of the product 
slate away from gasoline and toward middle distillates, such as diesel fuel. Although some Fischer-Tropsch 
diesel is produced directly from the Fischer-Tropsch synthesis, a large portion of the material are waxes in 
the C20–C50+ range. Accordingly, mild catalytic cracking of this material will provide an excellent sulfur-

WBS: 3.5.1.304 

Presenter(s): Matthew Summers 

Project Start Date: 10/01/2018 

Planned Project End Date: 06/30/2023 

Total DOE Funding: $4,200,000 
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free paraffinic product in the diesel range (C12–C20). Because of the highly paraffinic nature of Fischer-
Tropsch waxes, the products from mild cracking will likely have a high cetane number. 

 

  

Photo courtesy of West Biofuels, LLC 

COMMENTS 
• This is a bit of a train wreck. The presentation started focusing on gasification, and it is now trying to 

pivot into CFP. Initial gasification results were horrible. I’m questioning the appropriateness to bring in 
so many international suppliers for a DOE-funded project. I have many questions on the right expertise 
and approach for this project. My advice is to reconsider and not go forward with the “requested 
changes.” 

• The project did not achieve any sort of success on its original target of CFP bio-oil, so it went after 
Fischer-Tropsch, a technology with literally thousands of man-years of effort since the 1930s and with 
virtually no success to show for it, and no success at all with biomass as a feedstock. The prime 
contractor was presumably selected based on expertise on CFP and upgrading; are they similarly an 
expert in gasification and Fischer-Tropsch? FCC upgrading is applied to some of the least valuable 
streams in a refinery. Sending Fischer-Tropsch wax to an FCC is wasteful. Slide 9 shows 50%–60% of 
the product will be Fischer-Tropsch wax, and it is essentially being downgraded to the value of vacuum 
gas oil by sending it to an FCC. It is unclear why this project was continued after the proposed approach 
for which it was funded failed. Gasification/Fischer-Tropsch are well known and historically well 
funded. There is no indication that there is any new or remarkable Fischer-Tropsch technology at work 
here, and sending half the product to an FCC only makes matter worse. 

• The project does not appear to be developing or modifying the gasification design in any meaningful 
way, which would lead the reviewer to believe that they understand the challenges in the gasification of 
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biomass. The project states that the gasification equipment is being done in Europe at a commercial scale 
but with a different wood feedstock. It is unclear why this project is not attempting to utilize feedstock as 
close to the European feedstock as possible (PSD, type, moisture content, etc.). The increase in cost 
going from pyrolysis to Fischer-Tropsch was not noted. It is not clear if the cost of overcoming the 
issues would be more than the CapEx increase going to Fischer-Tropsch. A TEA comparison to 
pyrolysis would have been helpful. It is not clear how long the project tried to increase yields on the 
pyrolysis system. The yields demonstrated were certainly much lower than other pyrolysis systems. It is 
not clear why they did not pivot instead to another CFP process, such as NREL’s, which has shown 
better yields instead of a gasification project. It is difficult to believe that a pyrolysis technology 
company could switch over to gasification so readily. Although similar in nature, there is still a 
significant amount of unit operation knowledge tied into a specific mode of operation. It is unclear if the 
project has taken advantage of the many lessons learned by others in this area who have published their 
results through DOE based on the American Recovery and Reinvestment Act of 2009 and other efforts 
on similarly designed processes. The reviewer would not expect Fischer-Tropsch wax to present as many 
or as significant challenges in processing as pyrolysis oil due to the lack of minerals, water, and lower 
oxygen content. It seems the project ran into many of the issues that are known to be problematic in 
CFP. The basis for the claim that Fischer-Tropsch diesel yields are seven times the amount of pyrolysis 
was not laid out. The disadvantages of higher-temperature gasification over pyrolysis was not noted in 
the presentation, such as higher temperature (energy, MOC) and CO2 production. The mitigation to 
modify or change the catalyst comes with its own risks, which the project does not seem to acknowledge. 
The overall testing plan for the Fischer-Tropsch wax coprocessing could have been better laid out with 
performance baseline metrics and planned run activity. The upfront gasification and Fischer-Tropsch 
processes do not appear novel. The project is well staffed in the subject matter areas. The economic 
viability of the project was not laid out. It is not clear whether the project has active team members in the 
refining industry who are interested in moving this technology forward. 

• This project has some major issues, and it appears that successful completion is highly questionable. The 
failure of even the laboratory-scale process under the original approach should have been heavily 
investigated and an analysis submitted as part of this presentation. To change the approach instead, and 
then change back after a second failure indicates a poor management strategy and a complete lack of a 
risk/mitigation strategy. (On the plus side, yield problems presented from their original approach clearly 
show the risks associated with the scale-up of technology.) 

• This project is looking to pivot from pyrolysis to gasification. The rationale for switching to gasification 
as well as the initial decision to do pyrolysis demonstrates a very low level of skill and discernment in 
management. The initial idea to use a gasifier as a pyrolyzer was ill-advised; it did not appear that this 
idea was even trialed with a smaller unit. Gasifiers and pyrolyzers, although similar, are not the same, 
and this shows a lack of foresight and management to assume they are. It actually is a bit arrogant. The 
rationale to pivot to gasification was said to be because Fulcrum is doing gasification. Again, this seems 
random and ill-thought-out. Finally, moving from the bench to the pilot scale when the yields were 
≤10% also shows a lack of management and approach. Due to the difficulties of using the gasifier as a 
pyrolyzer, there was no progress toward goals. If the project were successful, they may have some 
impact because renewable, coprocessed diesel would be desirable. 

PI RESPONSE TO REVIEWER COMMENTS 
• We respectfully disagree with this comment. Clearly, in the short presentation, we were not able to 

convey to the reviewer the project and the nature of the “pivot” that is being considered. There were no 
“initial gasifier results.” West Biofuels has performed no gasification work within this project yet. We 
have, however, demonstrated years of successful gasification R&D on our 1-MW thermal fast internal 
circulating fluidized bed (FICFB) system, and we are proposing to pivot the project to gasification 
operations using our existing and well-demonstrated FICFB system. We have not proposed the addition 
of an international supplier for the project. The addition of our international colleagues, BEST Research, 
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has been proposed to broaden the scope of the project while providing unparalleled expertise in Fischer-
Tropsch synthesis. They will advise on our Fischer-Tropsch development work at West Biofuels while 
also performing complementary studies, funded primarily with matching funds, with their slurry bed 
Fischer-Tropsch technology. In summary, West Biofuels has a long and successful history with biomass 
gasification, has a wealth of proven expertise in the PI (Matt Summers) and the rest of the team, and has 
built and operated a 1-MW thermal dual fluidized bed gasifier system with other catalytic synthesis 
systems. Publications exist on these projects. The attempts to scale up the fluidized bed reactor for CFP 
were not successful; hence, the request is to pivot back to gasification as the primary conversion process 
with Fischer-Tropsch upgrading of the syngas to make the biogenic feedstock. The prime contractor 
team has considerable experience with biomass gasification and with Fischer-Tropsch synthesis, thus 
reducing the risk and justifying the change in approach.  

West Biofuels has a long and very successful history of biomass gasification and catalytic synthesis of 
product gas with a highly qualified PI that proves they are well up to the associated challenges. Concerns 
over feedstock selection are moot because feedstock has been run for many hours in our FICFB system. 
Although it is true that gasification/Fischer-Tropsch is not novel, there are very few references in the 
open literature on the use of a Fischer-Tropsch wax for FCC coprocessing and no commercial 
applications that we are aware of or projects that integrate all steps to produce diesel fuel. The technical 
and economic viability of the proposed approach are both superior to the initial approach (with bio-oil as 
the biogenic feedstock). After initially embracing the concept of bio-oil coprocessing, industry interest 
has waned to the point that there are no commercial trials being planned (with several planned trials now 
cancelled). On the other side, biogenic Fischer-Tropsch wax will soon be produced commercially by 
Fulcrum BioEnergy’s Sierra Biofuels, with Marathon Petroleum as the offtake partner. This wax will be 
co-processed to make transportation fuels with renewable content, as is being planned for this project. 
Other refineries have expressed interest in the products and will be engaged by the team as the project 
generates results. A major unanswered question in this scheme for refiners and regulators is: How does 
the biogenic carbon partition in the products? Does the biocarbon go to the liquid products or to coke on 
catalyst? If the former, which fractions of the coprocessing products are rich in biogenic carbon, and 
which are not? The answers to these questions are critical to the issue of assigning carbon credits for 
RINs and the LCFS for coprocessing. We will answer this question with the data from this project—
these data will be extremely useful to the EPA, California Air Resources Board, and other regulatory 
agencies that are concerned about providing incentives to produce low-carbon fuels. Also, it is well 
understood that biogenic carbon from bio-oil will be lost to carbon oxide gases and to coke—this will 
not be the case with Fischer-Tropsch wax as the biogenic feedstock, thus providing a strong economic 
incentive in terms of avoided CO2 emissions and the resulting low-carbon fuel credits. Finally, the team 
has generated preliminary TEA, but there was insufficient time to review this in a brief presentation for 
the Peer Review. TEA development is a specific task number in the project, so this information will be 
further advanced as part of the research.  

West Biofuels may not have clearly conveyed that the prior work on pyrolysis was performed outside of 
DOE funding and was not part of this project. We did state that we were still in budget period one prior 
to the engineering review and prior to doing any DOE technical work. Also, CFP catalyst performance of 
10% yield of premium CFP oil during the lab trials can be a viable process if other products are 
generated, so we disagree with the comments on the value of upscaling with the catalyst we selected. 
Fluidized beds are commonly used for pyrolysis, and the team performed full computational particle 
fluid dynamics (CPFD) modeling of the reactor prior to conversion, so we do not believe the prior 
project on pyrolysis was ill-advised in any way. We fully documented the prior effort, and we believe it 
is a useful contribution to the literature on issues for the scale-up of CFP. We remind the reviewer that 
documenting issues and failures is an equally valuable part of advancing science and not an arrogant 
endeavor. Other comments in this paragraph have already been addressed in our previous responses.  
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There appears to be some level of misunderstanding according to several of the reviewers’ comments. 
We are proposing the project pivot to significantly more proven technologies in which the project team 
has vast demonstrated experience. As described, the laboratory-scale trials were rather successful, and 
advanced modeling suggested successful CFP operation of our system. The team documented the CFP 
attempts, and these will be published in a report through the funding agency to contribute to the science 
in this area. The pivot is the first change in approach to be proposed for this project; the change would 
return the system to the well-documented gasification mode and represents a significant decrease in 
project risk from the CFP process.  

We believe the previous comments and our team’s extensive work in gasification and catalysis 
demonstrates our expertise in the proposed process. We disagree that Fischer-Tropsch technology has no 
success in the field of biofuels. Enerkem is successful using MSW (which is 50% biomass), and their 
technology is being expanded worldwide. Two Fischer-Tropsch projects are now in the final stages of 
construction, including Fulcrum BioEnergy’s Sierra Biofuels and RRB. Fulcrum will be producing a 
full-range Fischer-Tropsch wax as its primary product. RRB will be producing a heavy Fischer-Tropsch 
material as well, which in theory should be suitable for FCC coprocessing. Our own team members have 
demonstrated Fischer-Tropsch technology with the gasifier being utilized for thousands of hours TOS. 
So, it could be said that Fischer-Tropsch is at the forefront of biofuels, not a failed technology with no 
demonstrated success with biomass. As to the comment on coprocessing Fischer-Tropsch wax in an 
FCC, we believe this is a viable pathway to diesel fuel, and there is substantial available FCC capacity at 
refineries across the United States. There are other potential uses for Fischer-Tropsch wax, as the 
reviewer points out, but the goal of this project is to maximize biogenic content of diesel fuel. So, the 
effort could be seen as upgrading vacuum gas oil to diesel fuel with a significant content of biogenic 
carbon rather than a downgrading Fischer-Tropsch wax, depending on one’s perspective. In addition to 
substantial industry capacity, coprocessing in an FCC does not require additional fossil-generated, H2-
like hydroprocessing, so it could also be more carbon-efficient and viable at some refineries for 
increasing the renewable content of fuels. We believe that if the reviewer looked at the specific process 
steps being applied—from FICFB gasification to a simplified gas upgrading process, to testing a novel 
catalytic reactor type, and the coprocessing biogenic products in an FCC—this project represents several 
technology improvements over the status quo, making it a valuable technical contribution. 
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NOVEL METHOD FOR BIOMASS CONVERSION TO 
RENEWABLE JET FUEL BLEND 
Technology Holding LLC 

PROJECT DESCRIPTION 
The overall objective of the proposed innovation is to 
demonstrate the techno-economic feasibility of an 
integrated process to produce drop-in jet fuel blend 
and isoprene as a coproduct from biomass such that 
private funding can be obtained after the initial 
governmental-funded period. Upon successful 
commercialization, the proposed innovation will 
enable the production of high-energy-density drop-in renewable jet fuel. 

 

COMMENTS 
• This is a very generic presentation. It claims there has been good development, there are but too many 

questions and too little is shown. Fermentation to isoprene: IP? (They seem to know, but the answer is 
not that credible.) Catalysis to what? $2.5 million, 2 years, and what? There is nothing much to show for 
this. Could get all isoprene to jet. Technology providers? TEA? Both blocks were validated: SLC 
fermentation, catalytic at Princeton (single-pass) 1,000-L fermentation capacity, 35 gallons in house for 
catalysis. It is unclear how the total production will be achieved. 

• The information presented is very limited to produce a review. The information provided could have 
been said for any generic project. The project has no plan to get bio-derived sugars for fermentation. The 
project will require a much larger staff to be successful. There is no clear plan to make this fuel, no 
previous work described, no actual reason to believe this project can be successful based on the 
information provided. The progress slide showed some good progress but provided no actual information 
on any task. The risks presented do not have any association with the specific project. It is not clear 
whether the project has identified the technical risks of the project and is working toward resolving them. 

WBS: 3.5.1.401 

Presenter(s): Mukund Karanjikar 

Project Start Date: 10/01/2018 

Planned Project End Date: 11/30/2021 

Total DOE Funding: $3,125,000 
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The project appears to have limited personnel to develop and integrate a process. The project does not 
appear to be utilizing any outside resources for engineering or project management support. The project 
is also developing pretreatment, fermentation, and catalysis technologies. The fuel characteristics 
presented are promising. Additional fuel testing data are needed. The progress was all identified as 
complete but with no real information on any particular task. 

• The management plan is all but nonexistent—a rudimentary organization chart, some buzzwords about 
risk management and project management. The project started 2.5 years ago, is only approximately 20% 
costed, and the progress is not commensurate with that. There is no BFD, no indication of how biojet 
was produced, whether it was produced from bio-isoprene or some other source. There is no indication 
of any economic analysis. What must be the sugar price? How high must be the yield of each step? 
Either the progress is very little or the slide deck does a poor job explaining it. It is not clear where 
larger-scale fuel production will be carried out or who will develop the basic engineering plan. 

• The project presentation was lacking. No project plan, risks, or mitigation strategies were provided 
except for stock images. It does not appear that the project has a plan to meet its goal of 100 gallons of 
fuel by September of this year. Although the project claimed meeting several earlier milestones, no 
documentation or data were provided. The approach was a bulleted list of generic “optimize” statements. 
The impact of this project, if successful, could be significant due to replacing aromatics, and it is good 
that the team has industry interest as well as the Air Force Research Laboratory and the U.S. Navy; 
however, no documentation of this interest or specific partnerships were provided. The interest is a pretty 
vague description. This project did not meet the minimum requirements of the review and was highly 
disappointing given the stage of the project. 

• This project makes several highly questionable claims with no supporting evidence, including “high 
level of industry interest” (“two oil and gas companies”) and “potentially reduced engine maintenance.” 
To date, the project appears to have produced 0.5% of the end-of-project milestone and could not 
provide a plan to produce the rest of the finished fuel in the remaining 8 months. The management plan 
is very weak and includes neither a risk assessment/mitigation strategy nor clear industry engagement 
(advisory). There is very little information presented on the fermentation process, including standard 
rate/titer/yield information. The approach includes “develop TEA models,” which should have been 
completed prior to the award—it is very hard to envision this technology supplying fuel at competitive 
prices or even meeting the BETO dollar-per-GGE goal. 
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HYBRID HEFA-HDCJ PROCESS FOR THE PRODUCTION OF 
JET FUEL BLENDSTOCKS 
Washington State University 

PROJECT DESCRIPTION 
The purpose of the project: Production of 
hydroprocessed esters and fatty acids (HEFA) is the 
best current option for jet fuel production. 
Hydrodeoxygenation of bio-oils derived from 
pyrolysis and HTL of lignocellulosic materials 
produces jet fuel rich in aromatics, also known as 
hydrotreated depolymerized cellulosic jet (HDCJ).  

Relevance: Although HEFA is the most promising technology for jet fuel production, the construction of new 
units is limited by the availability of triglycerides. Coprocessing triglycerides with the phenolic-rich fraction of 
pyrolysis oils and yellow greases could help to increase feedstock availability. 

Challenges: Our goal is to evaluate the technical and economic feasibility of using HEFA facilities for the 
coprocessing of pyrolysis oils or HTL oils with yellow greases. We will design and evaluate a supply chain for 
the hybrid HEFA-HDCJ concept for the conditions of Washington state. The fuel and combustion properties of 
resulting jet fuel cuts will be studied. Currently, our main challenge is the identification of a potential toller for 
the production of 100 gallons of jet fuel. To mitigate this risk, we are working to identify between two and four 
tollers to ensure one will be successful. 

Accomplishments: We completed the collection of all the oils, and we are working in their characterization, 
emulsion stability, and batch hydrotreatment tasks. We will soon start with the bench continuous studies.  
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Photo courtesy of Washington State University 

COMMENTS 
• This presentation included bits and pieces from tolled and imported products and an unclear path to the 

scale and risks. The availability of pyrolysis oil is big question (BTG in Netherlands, Ensyn 
unresponsive). TEA/LCA tools being developed, but there are no results until there are lab data. Why not 
use the tools to decide where the experiments need to be? Toller? Working with PNNL to identify 
different oxygen content from different oils, then catalyst selection, might be nonoptimal and 
complicated. 

• The reviewer had a hard time following this project approach and management plan. The project appears 
to rely on others to produce the pyrolysis oil because no work is being done specifically on this project 
for producing the oil. The 0.1% oxygen specification is much tighter than other targets of other projects 
attempting to produce equivalent pyrolysis oil-based fuel, and a 30% blend rate may be challenging to 
meet based on the progress of others. HEFA production is inherently limited by its available volume. 
The introduction of this technology will help expand this market by the 30% target blend rate. This does 
not dramatically improve the overall fuel market, but it is nevertheless improvement. Blending pyrolysis 
oil with fats only seems to mirror the issues of blending issues seen on other projects (FCC units). All the 
same problems with pyrolysis oil remain. The stability of the pyrolysis oil, its ability to be blended, and 
its varying makeup are not resolved. The project may need to track the carbons between the two different 
feedstocks as well for RIN maximization. It is unclear if that is being done. This project experienced 
turnover of staff in a few different ways due to COVID. It is not clear whether new staff has been 
identified to take over for those who are no longer part of the project or had their return delayed. The 
project appears to have had significant delays in obtaining their pyrolysis oil. Significant effort remains 
on this project to optimize the fuels. Wood vinegar is being supplied by the charcoal industry. It is 
unclear if this market is growing or if any production plant could saturate this market. Dependence on 
the sale of wood vinegar is unclear, as is the cost of disposal. The project did not discuss the 
characteristics of the biomass feedstock used in production to understand its potential variability and its 
impact on the process. The supply of pyrolysis oil does not appear to have been determined and sourced 
prior to the start of the project, which was a mistake. The project is relying on its partners to develop a 
pyrolysis oil, leaving them dependent on the work of others who are not themselves invested in this 
process. The truly “optimum” pyrolysis oil for this process may not be developed by the suppliers. The 
suppliers should be partners on this project to gain their investment in the success of the process. The 
maximum emulsion stability time has not been determined; it is important to know for developing the 
process design. It is unclear if the pyrolysis oil is to be blended at the supply pump or upstream in mix 
tanks. A 3-hour storage time in a tank would be relatively difficult in a first-of-a-kind plant to manage. 

• The project appears to be well managed and on track from a technical perspective, but there are issues 
with the project management from a task organization perspective. The sourcing of the feedstocks and 
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the development of primary standards of the feedstocks appear to be haphazard or nonexistent. The 
overall impact of this work is likely limited (as noted in the presentation) by the availability of 
triglycerides, and it is unclear if the impact is also limited due to the source of pyrolysis oils. There 
seems to be no recording of the feedstock source for these oils, and the HTL was made from a different 
feedstock. When the results are compared, will we be able to tell if it is due to the original feedstock or 
the type of processing—e.g., pyrolysis versus HTL? These oversights affect the approach as well. On the 
positive side, the project is making good progress toward its goals. 

• This is a very promising concept. HEFA-based renewable diesel is and will remain feedstock- limited-
based, and that feedstock is especially sensitive to food versus fuel concerned. An alternate feedstock 
source based on low-carbon biomass would alleviate those concerns. The management plan and tasks are 
well laid out. The risk mitigation plan is okay, but it might be a bit more detailed/imaginative. The 
impact could be very high, as described. Also, the final processing step represents an excellent option for 
utilizing renewable H2, either from biogas/RNG steam reforming or from water electrolysis using 
renewable electricity. The approach is appropriate, and progress is good to date. 

• This is an interesting project that shows potential for supplementing fuels production in existing 
commercial facilities. It was unclear from the presentation how much pyrolysis oil would saturate the 
market; with a relatively fixed supply of oil and grease, what level of biomass conversion would be 
enabled via this pathway? Silica gel does not sound very selective for oxygenated compounds, unless it 
is mostly water—it was unclear from the presentation if this is a proposed commercial-scale unit 
operation or only a temporary lab-scale stand-in. 

PI RESPONSE TO REVIEWER COMMENTS 
• First, the PIs thank the reviewers for their time and efforts reviewing our project. The United States 

currently has four commercial renewable diesel plants with the capacity for 356 million gallons, one 
renewable jet fuel plant with a capacity of 42 million gallons, and there is one plant under expansion and 
two more under construction that will add other 68 million gallons. In total, the United States should be 
producing in the next 5 years close to 466 million gallons of fuels derived from triglycerides. Our project 
aims to process vegetable oil and yellow greases in blends containing 20–30 vol % of the phenolic 
fractions of pyrolysis oil. If we consider that the fuel yield from triglycerides is typically 80 wt %, our 
study would open the possibility of coprocessing up to 175 million gallons of pyrolytic lignin (close to 
760,000 tons). If we consider that the yield of the pyrolytic lignin is close to 15 wt % of the original 
biomass, this technology could allow processing the lignin fraction resulting from the pyrolysis of 5 
million tons of lignocellulosic materials. The analytical method for the removal of oxygenated 
compounds in jet fuel is based on solid-phase extraction with a polar adsorbent. Our goal will be to 
adsorb any oxygen left in the jet fuel fraction in a column contained in a polar adsorbent such as silica 
gel. Although we hope to reduce the content of oxygenated compounds to a minimum in the 
hydrodeoxygenation step, we believe that perhaps an adsorption step with a polar adsorbent may be 
needed to achieve parts-per-million levels of oxygen content in the resulting jet fuel cut.  

The PIs thank the reviewer for the comments. As indicated in our presentation, most of the oils to be 
used in the project, from both BTG (Netherlands) and Baker Commodities, Inc. (United States), are 
already at Washington State University, ready to be used. BTG in the Netherlands pyrolyzed 1.6 tons of 
softwood in their Empyro-rotating cone reactor (5 tons/hour) to produce 1 ton of pyrolysis oil (230 
gallons of pyrolysis oil). The oil was separated into water-soluble and water-insoluble fractions using a 
bio-oil/water ratio of 2:1. As a result, we obtained 55 gallons of the lignin-rich fractions available, which 
are now stored at Washington State University. We have also collected 42 gallons of the lignin-rich 
fraction from Pyrovac, Canada. Our team also collected 330 gallons of yellow greases from Baker 
Commodities. Our current yield of jet fuel is close to 25%. This means we will likely need to process 
400 gallons of a blend of pyrolytic lignin (20%) and yellow greases. We will purchase more pyrolysis oil 
from BTG (likely 55 gallons of lignin-rich fraction), but this decision will be made as soon as we 
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complete the continuous hydrotreatment tests. BTG is committed to providing all the oil needed for this 
project. Yes, we have results with our TEA and LCA, but the final results will depend on our product 
yield. The major challenge of our project is to maximize the yield of the jet fuel fraction and in this way 
facilitate the production of 100 gallons of jet fuel. Product yield depends on reaction conditions and 
catalyst used. We agree that different bio-oils will have different oxygen contents and that this will affect 
the optimal processing conditions. For now, we are optimizing our hydrotreatment conditions for the 
BTG oil in blends with the yellow oil collected from Baker Commodities. Separate experimental studies 
will be conducted to identify the optimal reaction conditions for the other oils. We were initially 
planning to produce the 100 gallons of jet fuel at PNNL, but the lab decided not to continue the operation 
of their largest demonstration unit. PNNL will conduct the bench-scale continuous tests that will be used 
to produce the large-scale production in the toller. The Washington State University and PNNL path 
forward to produce 100 gallons of jet-range fuels is through contacting a third-party contract 
manufacturer (toller). We posted a request for information (574700-RFI Hydro-Processing and 
Distillation Opportunity) between June and December 2020. So far, we have identified three potential 
tollers. 

The PIs thank the reviewer for the comments. Yes, the pyrolysis oil used in this project for the 
production of the 100 gallons is supplied by BTG. The 0.1 wt % oxygen specification is not for the 
pyrolysis oil; this is the specification for the final jet fuel. We agree that there are challenges to reach the 
30% blend rate. We are conducting our studies using 20% pyrolytic lignin in the blend with yellow 
greases. We agree that the HEFA production is inherently limited by its available volume and that this 
fact limits the quantity of pyrolytic lignin that could be processed by our process. Our estimates suggest 
that with this technology, we will be able to process the lignin-rich fraction resulting from the fast 
pyrolysis of 5 million tons of lignocellulosic materials. We agree that the problems encountered in this 
project are of the same nature as those seen on other cohydrotreatment projects. We improved the 
stability of the oil with the addition of a small quantity of butanol, and we are working on the stability of 
the blend with yellow greases with the formulation of microemulsions. Although we agree that tracking 
the carbon between the two feedstocks will help with RIN maximization, we are now focusing on the 
analysis of the oil. Pyrolysis oil is likely to contribute to the formation of aromatics. Yellow greases will 
be responsible for the formation of aliphatic compounds. It should be relatively easy to quantify the 
fraction from pyrolysis oil and the fraction from yellow greases. The issue with our postdoc (Dr. Yinglei 
Han) was mostly due to the difficulties to smooth his transition from his immigration status as a Ph.D. 
student to his new status as postdoc. We did not need to find a new researcher; we just had to wait for the 
visa paperwork to be completed. The project did not have any delay associated with the production and 
shipment of the oil. We have 55 gallons of the BTG lignin-rich fraction in our lab. Working with BTG 
has been a great pleasure. They are available to provide as much oil as needed. We have completed our 
batch hydrotreatment studies with the BTG oil and yellow greases, and the experimental conditions 
identified will be tested in continuous conditions at PNNL. Wood vinegar is studied as a source of 
income for our process. The use as pesticide may have a limited market, and we are studying other 
alternatives, such as wet oxidation of that fraction to produce acetic acid. The BTG oil used was obtained 
from softwood. We agree that the variability of the feedstock and processing technologies could have an 
influence on the process, which is why we decided to conduct batch hydrotreatment studies with other 
pyrolysis and HTL oils. The reviewer stated, “The supply of pyrolysis oil does not appear to have been 
determined and sourced prior to the start of the project, which was a mistake.” The sourcing of the BTG 
was not an issue for the project. We have 55 gallons of the BTG pyrolytic lignin-rich fraction ready to be 
used in our continuous hydrotreatment studies. We agree with the reviewer that there may be 
opportunities to tune the pyrolysis process to obtain higher yields of the pyrolytic lignin fraction or to 
improve the quality of this fraction. In fact, we considered this question and added batch hydrotreatment 
studies of different oils; however, the challenges of producing 100 gallons of jet fuel as required by the 
FOA imposed restrictions as to how many oils we could study in batch conditions. We agree with the 
reviewers, and we will invite the suppliers to be partners of this project. The maximum emulsion stability 
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time achieved so far is 3 hours, and we are working to further increase the stability time. If a single pulp 
is used, our goal is to feed the emulsion to the pump. 

The PIs thank the reviewer for the kind comments. 

The PIs thank the reviewer for the comments. Our pyrolysis oil was produced from softwood by BTG 
(Netherlands). The oil used is a typical fast pyrolysis oil. We thoroughly characterized the oil. Yes, the 
impact of our technology is limited by the availability of triglycerides. Yes, we have all the information 
of the feedstocks used. In fact, BTG sent us samples of the softwood used in the production of our oil for 
us to analyze it. All the oils studied were thoroughly characterized. The goal is to compare the 
hydrodeoxygenation performance of all the oils and explain the results based on the chemical 
composition of the actual oils. Our chemical characterization will allow us to document the differences 
between the pyrolysis and the HTL oils. 
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DROP-IN RENEWABLE JET FUEL FROM BROWN GREASE 
VIA THE BIOFUELS ISOCONVERSION PROCESS 
Applied Research Associates 

 

COMMENTS 
• This is interesting. The actual cost and availability of the right brown grease is not clear. Brown grease 

has limited availability, with lots of contaminants and fatty acids (which is no good for biodiesel). It is 
hard to get drums for development work; what is the expectation at scale? Waste as feedstock: There are 
no quality specifications (detergents, etc.), and what is the impact from variability? Survey, test, then 
create specifications. “Ask not to neutralize, etc.” Feedstock logistics: large plant size? Brown grease 
cost evolution (waste then becomes a pricey commodity, etc.). Kudos on the ASTM approval. 

• The 1.7 million tons is spread across a number of different locations. The total project plan to deal with 
the small volumes at each site was not noted. It is not clear how many annual tons are available at the 
specifications required; however, the project team is working with aggregators of brown grease to make 
changes to their processes to meet the specification required. To date, aggregators have been amenable to 
making these changes. There are clearly delineated tasks with experts in their respective positions. It 
would be interesting to know more about the reluctance of brown grease suppliers to supply the 
quantities needed on this project. It is unclear how many brown grease suppliers were surveyed or the 
results from that survey. The presentation did not describe how long the pretreatment analysis was run or 
how the team was confident that they fully understood the variability of the feedstock and its impact on 
the process. Two different contamination effects have been discovered so far. Variations in the different 

WBS: 3.5.1.404 
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suppliers and their impacts on the two different catalytic processes were not discussed. This seems to be 
a large risk not considered by the project. Overall economics (TEA) were not presented. It is not clear 
what feedstock specifications are required to provide an economic process. The process is in 
development for brown grease and is currently being licensed for less challenging but similar feedstocks. 
This is a good method to expand the current market of an existing product and to tackle another waste 
challenge in the industry without needing to develop a completely new design. The project has required 
more than 2 years for testing, which is not very significant in the overall goal of the project. It is not 
clear if additional catalyst testing, validation, or production scale-up for future facilities has been done 
during this time as well. 

• The project is making excellent progress toward their goals, and achieving the ASTM D 7566 Annex 6 
specifications is a notable achievement. What is unclear, however, is the ability to obtain enough brown 
grease to make a difference, the impact of increasing demand on tipping fee and the required feedstock 
specifications, and the ability to meet these at a realistic quantity. For these reasons, the approach and 
especially the impact were downgraded. The project should provide a high-level assessment of the 
ability and method to procure enough brown grease at sufficient quality to supply a reasonably sized 
facility as well as the industry at large. It is unclear that this can be commercialized. 

• There is virtually no information provided about either of the primary process steps, making them 
impossible to evaluate with any accuracy. There is not much in the way of results for a project that 
started 2.5 years ago, only one product stream that narrowly meets ASTM specifications. Nitrogen looks 
to be a problem; it is not reduced much by the process. Other contaminants were reduced, but nothing is 
said about any waste stream cleanup (no BFD to show all process units and all streams). Brown grease is 
ultimately a low-impact feedstock. It is certainly worth diverting from landfills and converting if the 
economics work, but it is too low in volume to make much of a dent in a market the size of jet fuel. 
Aggregating supply will be challenging. In large urban areas, ideally, yes, but lots of material will be too 
sparsely distributed to make collection practical. 

• This project has the potential to turn a waste stream into a feedstock for biofuels production; as with any 
process that utilizes a waste stream, it is important to ensure that the TEA allows for a positive cost for 
the feedstock, though, outside of logistics/transportation. The biggest issue with the concept proposed in 
this project would be feedstock sourcing—without a feed aggregator, the logistics of collecting grease 
from hundreds of small sources could prove impractical; with an aggregator, the cost of the feed goes up. 
The presentation would have been greatly improved with the addition of a BFD or process flow diagram 
to highlight key streams. It was unclear from the presentation what, if any, waste streams such a facility 
would generate. Given the highly variable nature of brown grease as a feedstock, it is expected that there 
will be undesirable molecules present; it would be helpful to understand the ultimate disposition of these 
contaminants. 
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COOL GTL FOR THE PRODUCTION OF JET FUEL FROM 
BIOGAS 
Gas Technology Institute 

 

COMMENTS 
• This is a good project. It looks like they are on target and have a sensible approach. It is early in the 

scale-up, so it is difficult to assess progress. The management plan does not outline project risks and 
mitigation strategies and is too high level to be of much use. The approach is high level and does not 
provide much detail, but it is sufficient. The key technical challenges are informative, but it would have 
been helpful to have more detail on the methods to reach these goals, especially on the slides. It is 
difficult for reviewers to catch everything during a 20-minute presentation, so slides should be 
informative. The impacts section was especially deficient. 

• This is a new, interesting project. There is not much in terms of results to date. This is a very interesting 
electrically heated reformer. How does it scale? Energy efficiency should be considered, especially in 
terms of primary energy. There are some integration questions, such as biogas and syngas cleanup 
requirements and the ability to hit the C:H ratio from steam additions. Some interesting possibilities in 
scale matching IH2 and reformer sections could be investigated. 

• There is obvious relevance to biogas high in CO2. The management plan is superficial; it needs more 
detail. It relies on the Fischer-Tropsch technology that is commercially unproven, even with cheap 
natural gas feed, and cool reformer syngas will be more expensive than that. Slide 13 shows, in effect, 
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that Fischer-Tropsch will only get a fraction of the net feed; it is not clear how the IH2 process has the 
capacity to make “extra” syngas. Are not all the reducing equivalents converted to fuel, CO2, and water 
already? Then on slide 21, it looks like it is back to the drawing board on Fischer-Tropsch, not a 
microchannel design but rather a pair that have been looked at extensively before. The best use for 
incrementally reducing equivalents with IH2 would probably be to use them as an external H2 source, as 
in earlier designs. In the absence of biomass, straight biogas or possibly methanol, but no Fischer-
Tropsch. 

• The process has nearly 500 hours of TOS so far, and based on Gas Technology Institute’s track record of 
extensive catalyst research, we would expect that this catalyst is thoroughly vetted prior to 
commercialization. The state of the catalyst (whether small batch or from a toll manufacturer) would be 
helpful to understand at this stage. An electrically heated reformer is a novel concept to reduce overall 
CapEx for the facility. The economics of the trade-off between steam or other heat versus electricity at a 
larger scale would have been beneficial. Several use cases presented provide new opportunities to 
expand the biofuel market. It is not clear whether the catalyst has been tested for susceptibility to poisons 
or its ability to be regenerated in these applications. The project is dependent on the development of 
three separate new innovations (reformer design and two catalysts). This increases the overall risk of the 
project, but the improvements appear necessary to provide the process economic viability. The wax 
cracking catalyst appears to possibly be a version of a commercially available catalyst and therefore 
lower risk. It would be of benefit to understand whether the reactor design has any particular or unique 
features compared to other reactor designs or if it is simply being designed for the process conditions 
required of this particular system. The commercial partnerships on this project are impressive. It would 
be great to know whether these partners are in active development of larger-scale facilities. 

• This is a good project with considerable potential. The analysis of the jet fuel within the project appears 
to be limited to “pass specifications,” but more detail on what would be needed to meet standards and 
pass certification trials should be considered. The “small footprint” modular approach is interesting, but 
the lack of economical small-scale reactors will limit this application. More detail with regards to the 
TEA should be provided; too many projects are claiming to reach dollar-per-GGE targets without 
explaining at least how they are impacting the current TEA models. 
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ULTRA-LOW-SULFUR WINTERIZED DIESEL 
LanzaTech, Inc. 

PROJECT DESCRIPTION 
In this project, LanzaTech is leading a team with 
PNNL and Zeton developing and validating a robust, 
flexible alcohol-to-diesel (ATD) technology that 
sources biomass-derived ethanol. The process will 
produce drop-in, renewable, paraffinic diesel offering 
low sulfur content and superior low-temperature 
performance. Research will adopt the alcohol-to-jet 
(ATJ) process to maximize synthetic paraffinic diesel (control of carbon number and level of branching) 
needed for select applications, including arctic conditions. The catalyst optimization will be done using 
commercially relevant catalyst preparation methods. At the conclusion of the project, we will produce 500 
gallons of diesel fuel in an ATD production unit. We will provide a basic engineering package for the next-
scale implementation. The ATD technology offers biorefineries making ATJ optionality to respond to 
changing market conditions.  

 

WBS: 3.5.1.406 

Presenter(s): Laurel Harmon 

Project Start Date: 10/01/2019 

Planned Project End Date: 03/31/2023 

Total DOE Funding: $3,130,327 



2021 PROJECT PEER REVIEW 

 

1273 SYSTEMS DEVELOPMENT AND INTEGRATION 

 

Photo courtesy of LanzaTech, Inc. 

COMMENTS 
• This is a variant of the LanzaTech/PNNL ATJ technology to maximize the diesel yield beyond what can 

be done currently. There are continued questions on the economics of going from ethanol to ethylene to 
liquid hydrocarbon fuels. Diesel brings even more questions than jet fuel when considering the current 
market availability and margin. The risk matrix should be revised in a more realistic way. 

• This is a good approach and results for a very early project. The management plan has most of the 
necessary components and identifies many of the potential risks with mitigation strategies; however, the 
project appears to have all “low” risks, which does not seem reasonable. Even proven technologies could 
have moderate risks. This project is very early in execution, but it looks to be off to a good start. The 
reviewer would like to see a more thorough and realistic risk assessment. Due to the very early stage of 
this project, as well as the delays due to the pandemic, the overall progress and outcomes can only be 
scored average. 

• The project appears to have a good management plan and approach for meeting its stated objective. The 
production of ethylene from ethanol should be devoted to displacing fossil-based ethylene first. Second, 
oligomerization essentially follows the pathway by which alpha-olefins, especially 1-hexene and 1-
octene, are produced, and because of the costs of that process, those materials sell at a substantial 
premium to the ethylene feedstock. Without cheap fossil ethane from natural gas, ethylene and alpha-
olefin prices will increase, and this route will be economically inferior to simply selling ethylene and/or 
alpha-olefins. There is also the issue of ethanol supply. Ethanol will continue to be a widely used 
gasoline blendstock for many years, and cellulosic ethanol will never be economic at a great scale; 
therefore, ethanol supply (at reasonable prices) is unlikely. 
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• The reviewer is confident that this is being well managed; however, all risks were noted to be low level, 
which is unlikely in a first-of-a-kind facility. Although the project did not present the risks as low level, 
the team has a recent history of scaling up technologies. The reviewer recommends that the risks be 
reevaluated for their overall level. The project appears to be well managed and has presented a logical 
workflow, a reasonable schedule (going forward), and awareness of the market in terms of the 
advantages/disadvantages of their technology. The process requires a large amount of H2 but has still 
determined that the economics for the process works. The project has presented an exciting pathway to 
produce diesel and is developing the technology along a method similar to their existing projects. The 
overall economic advantage of this process was not discussed in detail; however, a pathway to producing 
large volumes of diesel without utilizing refinery operations or requiring refinery-level validation testing 
is exciting for the near-term renewable diesel market. The project is based on a lot of technology that is 
or has already been proven at scale and is based on the development of a limited number of items (one 
catalyst, unit operations). A study on the economics of ethylene to other products instead of fuel would 
have been of benefit. Although the project is already further in the development of its jet technology, this 
advancement will aid the company by allowing it to take advantage of swings in market prices and 
produce the best fuel for the market conditions, reducing the overall risk profile of LanzaTech. The 
project through the first year has been minimal (project verification and scope definition). The project 
did not report what difficulties they ran into during budget period one, which extended the period. The 
status of the catalyst development was unclear. Data were not presented on any catalyst performance 
test. 

• This is a good project that has the potential to leverage existing commercial-scale ethanol production, 
which of late has been hitting the “blend wall” and is, by necessity, looking for other opportunities for 
growth. The presentation could have benefited from additional discussion of the fuel standard and of 
blending requirements for the fuel generated. 

PI RESPONSE TO REVIEWER COMMENTS 
• The reviewer concerns can be binned into three areas: (1) project performance, (2) business 

case/economics, and (3) risk.  

Project performance: Reviewers noted concerns on the project performance. These include a request to 
provide more detail on fuels standards, delays during budget period one, the catalyst development status, 
and the rate of progress during the pandemic. The renewable diesel produced from ethanol comprises 
hydrocarbons. The fuel meets and exceeds ASTM D975 standards (slides 8 and 9). The fuel offers value, 
with a high cetane, +50, and low CFPP (−25°C). The budget period one delays were contractual. In 
March 2021, the project moved from conditional to a full award. Prior to DOE removing restrictions on 
the conditional award, DOE’s independent engineers working with our partner, PNNL, completed the 
verification, allowing the project to enter budget period two. In terms of catalyst development, during the 
verification, PNNL demonstrated, with the independent engineer, achieving 75% diesel selectivity, 
which is equivalent to the selectivity of hydroprocessed esters and fatty acids. 

Business case/economics: Reviewers noted concerns related to the business case and the economics of 
bio-ethylene to fuels, specifically to diesel fuel. This project is a renewable diesel project in which we 
offer new chemistry from an abundant resource. The central challenge of renewable diesel today is 
having an abundant resource. Waste oils and fats such as used cooking oil are limited. Sustainability 
concerns continue to be raised about both used cooking oil (traceability) and virgin vegetable oils. 
Looking at the project as a bio-ethylene project seeking new ethylene markets misses the impetus for the 
ATD pathway as a solution for the challenges of sourcing renewable diesel sustainably. The current 
margins of petroleum diesel versus jet fuel production have little meaning as we consider long-term 
needs. To a biorefinery operator, the flexibility of making either jet or diesel in high selectivity offers 
optionality. The pathway includes starting with low-cost waste carbon gases and solids, converting CO-
rich gases/syngas to an intermediate, and that intermediate to fuels. Other pathways to sustainable 
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ethanol are equally viable. The use of ethanol as an intermediate provides attractive process economics 
for ATD because the conditions are mild, and no special metallurgy is required. We are considering 
volume and Btu incentives, ethanol, and diesel balance. The request to study the economics of ethylene 
to products is outside the scope of this DOE project. Chemical markets are important, and we are 
examining those outside of this project, including GHG savings relative to conventional sources. But the 
focus of DOE for this project is GHG savings in transportation; the products of ethylene, including 
polyethylene and polyethylene terephthalate, do not contribute to GHG emissions in this sector. Ethanol 
will be used for many years, but gasoline demand is going down, so ethanol producers are looking for 
new markets. 

Risk: Reviewers asked that the risks by revised with an eye toward a first-of-a-kind facility. A reviewer 
noted that even mature technologies have moderate risk. This is a research project, and the risks stated 
are consistent with the TRL. LanzaTech has a sister project with DOE on a demonstration facility for 
SAF. Risks related to a first-of-a-kind facility are covered in the sister project. The risks in this project 
center on the catalyst performance: selectivity (control of carbon length and branching), rate, and life. 
With an independent engineer, PNNL demonstrated 75% selectivity (carbon length) and cetane 
exceeding 50 (control over branching). From earlier work, PNNL has demonstrated catalyst life and rate, 
and we believe the risk is manageable, and we agree with the reviewer that the risks need to be 
considered realistically. 
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HIGHER-ENERGY-CONTENT JET BLENDING COMPONENTS 
DERIVED FROM ETHANOL 
Purdue University 

PROJECT DESCRIPTION 
BETO efforts in generating SAF have helped 
establish the production of synthetic isoparaffinic jet 
fuels with favorable properties, such as high energy 
density, excellent thermal stability, and favorable 
cold flow performance. When blended with 
isoparaffins, cycloalkanes carry the potential of 
further fuel performance improvement with at least a 
4% net increase in energy content. PNNL and LanzaTech have already demonstrated a sustainable, 
nonpetroleum route to isoalkanes; however, economically attractive cycloalkane production from waste and 
biomass is challenged by large H2 requirements, preferential selectivity to aromatic compounds, and low yields 
to jet-fuel-range components. Many gaps in understanding cycloalkane properties and performance in complex 
jet fuel mixtures remain. Purdue University has teamed with LanzaTech and PNNL to fill these knowledge 
gaps by analyzing fuel samples generated using a novel cyclization chemistry, providing a feedback loop to 
inform that chemistry based on properties that are proxies for performance and operability, followed by an 
examination of economic, ecological, and societal pressures associated with the deployment of the technology 
in the United States. The close tie and integration of Purdue’s fuel property analysis, with PNNL’s process 
development, can lead to an economically attractive process. The overarching strategy of the Purdue-
LanzaTech-PNNL team’s work proposed here targets the understanding of current and new cycloalkanes for 
use as a jet fuel. Through catalyst development, this work will provide a route to control the cycloalkane/n-
alkane/iso-alkane content of a next-generation fuel with minimal or no aromatic content. Combining n-alkane 
and iso-alkane streams (high specific energy, MJ/kg) with cycloalkanes (higher energy density, MJ/L) is 
expected to enable at least a 4% net increase in combined (specific [MJ/kg] and volumetric [MJ/L]) energy 
content without impacting “drop-in” fuel requirements, such as seal swelling. This project will result in a 
selective low-cost route to high-performance renewable blendstock fuels. The team will develop a novel 
process and catalyst system for building cyclic alkanes in the jet fuel range with minimal H2 consumption, 
processing requirements, and carbon intensity. This cycloalkane-rich fuel can be blended with n-alkanes and 
iso-alkanes (based on performance testing data from Purdue) from the previously developed LanzaTech/PNNL 
ATJ process to provide a fuel with ideal performance attributes. The fuel analysis and testing by Purdue will 
enable a robust understanding of the properties and behavior of the cycloalkanes produced to inform process 
development. Additionally, seal-swelling analysis will quantify the ability of fuel blends with zero or minimal 
aromatics content to satisfy the seal swell requirement of O rings. Last, Purdue’s system-level analysis will 
lead to the development of a roadmap for deployment in key regions that considers system pressures such as 
H2, water, energy efficiency, and ease of infrastructure access. 

WBS: 3.5.1.408 

Presenter(s): Gozdem Kilaz 

Project Start Date: 10/01/2019 

Planned Project End Date: 02/29/2024 

Total DOE Funding: $2,217,768 
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COMMENTS 
• Ethylene-to-ethanol (E2E) and cyclization are well-known technologies; it is unclear what the innovation 

in this project is. The project management plan is lacking industry representation, at least in an advisory 
role. There is a good risk analysis and mitigation plan. 

• This project has a good partnership approach with good delineation of tasks. Both LanzaTech and 
Purdue should have an excellent base of known risks in catalyst development in this field. It would be of 
benefit to understand what new risks have been considered specifically for this fuel and catalyst type. 
The target of 60% cycloalkanes is unclear in where it was derived. The remaining 40% of the products 
were not provided or how that works in the overall economics of the process. The project has not started 
yet. By creating a higher-energy-density fuel, airplanes can either travel longer distances or the same 
distances on less fuel. This could be an immense draw to pay a premium for a green fuel more than for 
the sake of it being “green.” The approach is targeted to address unknowns in the fuel properties and 
application in jet fuel specifically for cycloalkanes. This follows the research of others that has shown 
the advantages of cycloalkanes over aromatics in jet fuels; however, it looks like this project is 
advancing two well-known processes: E2E and the cyclization of olefins. The project says they are doing 
work in this area, but they could not say specifically. It is not clear how many blends or catalyst types are 
expected to be analyzed during this process or the number of hours under test. The total duration of all 
these tests in relation to the overall plan is unclear. It is not clear if the process addresses the challenge of 
large quantities of H2 required for hydrogenation steps or where that H2 will be produced. The project 
did an excellent job of detailing the current SOT and the planned path forward. 

• Is there any communication with the Bio-JET project, which is looking at direct biological routes to 
similar molecules? That project essentially proposes: sugar  high-energy-density jet fuel via 
fermentation. This project needs a fermentation to ethanol, dehydration to ethylene, 
oligomerization/cyclization, and then hydrogenation. There is also every likelihood that direct biological 
synthesis will produce a water-insoluble product, meaning that instead of distilling ethanol and then 
distilling the hydrocarbons at the end, the direct biological route will require only one simple decantation 
step after fermentation. The flow sheet here looks too complex. The cyclization of linear/branched 
alkanes is not new. Some of the products proposed appear to be novel, but strained-ring compounds are 
notoriously difficult to produce and possibly unstable. The management plan and risk abatement are 
adequate. The significant need for hydrogenation of aromatics will be a further significant cost. It will 
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also require H2, which will require recovery, purification, and possible incremental supply. There are 
also implementation challenges. If “high-energy jet” is not available everywhere, then planning for cargo 
capacity and range will be complicated for airlines. 

• The project has not yet started, so the progress was rated as average. The approach is feasible and sound. 
The management plan needs work because the overall tasks and working strategies are left to the 
imagination. The impact of this project is not clear and could be better explained. It is interesting that the 
energy density could be improved, but there is no assessment whether the proposed approach is 
necessary or likely to yield good results. It is unclear whether this project is needed at this time—i.e., is 
the potential benefit worth the additional development effort when those funds could be used in other, 
less studied areas? 

• This is a very new project just starting to look at new, improved molecules in the jet range. There are 
many questions, such as yield, energy efficiency, and the conservation of carbon distribution when going 
through a conversion step. Academic enthusiasm should be tempered by commercial awareness and 
experience. 

PI RESPONSE TO REVIEWER COMMENTS 
• Regarding the comment, “This follows the research of others that has shown the advantages of 

cycloalkanes over aromatics in jet fuels; however, it looks like this project is advancing two well-known 
processes: E2E and the cyclization of olefins,” and “Ethylene-to-ethanol and cyclization are well-known 
technologies; it is unclear what the innovation in this project is”: Indeed, others have reported how 
cycloalkanes would have advantages over aromatics and other constituents in a jet fuel; however, our 
goals here are to further develop the scientific basis and also to quantify how cycloalkane-rich 
components could produce favorable jet blendstocks. Further, we will develop the tunable processing for 
producing different mixtures of cycloalkanes and paraffins—with selectively to the jet range—that can 
be optimized for the best combination of energy density and other characteristics. This is a distinctly 
different objective and approach from any known reports in the literature. Certainly, there exist known 
catalysts and conditions that facilitate cyclization from olefins, and these will be leveraged here; 
however, commercial systems have been optimized with different goals and using different feedstocks. 
For example, incumbent catalytic reforming processes convert low-octane linear alkanes into branched 
alkanes and cyclic naphthenes that are then partially dehydrogenated to produce high-octane, aromatic-
rich hydrocarbons. This includes the UOP Platforming and UOP-BP Cyclar processes aimed at 
producing aromatics but not cycloalkanes. Cyclization processes typically use homogenous catalysts and 
are employed at smaller scales. Here, we leverage the ATJ process that selectively produces iso-paraffins 
that was developed by PNNL and is being commercialized by LanzaTech. Our aim is to tailor the 
catalyst and conditions for the formation of cycloalkanes versus iso-olefins. To accomplish this goal, we 
are using newly developed multifunctional catalyst(s) and the same number of processing steps as the 
current ATJ process. Different from the aforementioned aromatization processes, we aim to tune the 
olefinic distribution to cycloalkanes in the jet range (C8–C16) and with minimal aromatics. This is in 
stark contrast from the processes described above that typically produce aromatics in the C6–C8 range. 
Further, most of these traditionally used processes report up to 40% yield to aromatics. Our objective is 
to obtain at least 60% selectivity to cycloalkanes in the jet range. We are not aware of commercial-scale 
processes dedicated to the production of cycloparaffins from ethylene through cyclization or any other 
process (e.g., alkylation). Commercial uses for ethylene are currently aimed at the production of 
polyethylene, ethylene oxide, chloride, and styrene. 

Regarding the comment, “The significant need for hydrogenation of aromatics will be a further 
significant cost. It will also require H2, which will require recovery, purification, and possible 
incremental supply”: Our intent is to avoid the formation of aromatics either as a product or as an 
intermediate. By preferentially producing cycloalkanes over aromatics with H2-neutral ring closure, we 
will limit the need for external H2 for hydrotreatment. If unsuccessful, one of our risk mitigation 
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approaches is to hydrogenate produced aromatics as a path to selectively form cycloalkane; however, 
because of the additional processing costs incurred using this alternative approach, we will only consider 
it if other approaches cannot achieve the 60% cycloalkane selectivity target.  

Regarding the comment, “The project management plan is lacking industry representation, at least in an 
advisory role”: LanzaTech is participating in this effort to ensure that both the catalytic processing and 
jet fuel analysis efforts are successful. LanzaTech’s aim is to ultimately commercialize the technology 
developed here. The project management includes regular meetings with participation from all three 
project partners (as shown on slide 5). We also note that LanzaTech is already commercializing the 
benchmark ATJ process that was codeveloped with PNNL; therefore, a track record for commercial 
offtake already exists in the project.  

Regarding the comment, “Is there any communication with the Bio-JET project, which is looking at 
direct biological routes to similar molecules. That project essentially proposes: sugar  high-energy-
density jet fuel via fermentation. This project needs a fermentation to ethanol, dehydration to ethylene, 
oligomerization/cyclization, and then hydrogenation. There is also every likelihood that direct biological 
synthesis will produce a water-insoluble product, meaning that instead of distilling ethanol and then 
distilling the hydrocarbons at the end, the direct biological route will require only one simple decantation 
step after fermentation. The flow sheet here looks too complex”: Certainly, there are many biomass-to-
jet routes being investigated, using alcohols, oils, gases, and sugars as feedstocks. Multiple processes 
exist, all at various TRLs. The ATJ process being commercialized by LanzaTech has many benefits. 
First, it uses ethanol feedstock that is already produced and distributed at the commercial scale. Second, 
it uses thermochemical processing that enables high throughput. Further, although multiple unit 
operations are required, it is selective toward producing an isoparaffinic hydrocarbon with >90% carbon 
efficiency to the jet range. Carbon efficiency is one of the most critical cost metrics when considering the 
use of biomass or recycled-carbon feedstock. Together, this process has many benefits and is currently 
being commercially deployed for SAF. 
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MULTI-STREAM INTEGRATED BIOREFINERY ENABLED BY 
WASTE PROCESSING 
Texas A&M AgriLife Research 

PROJECT DESCRIPTION 
The project will integrate recent advances developed 
by a multidisciplinary academic and industry 
coalition to address one of the most challenging 
issues in lignocellulosic biofuel: the utilization of 
biorefinery waste in producing valuable products. 
The success of a modern biorefinery heavily depends 
on the creation of diverse and valuable product 
streams using all fractions of input material. None of the lignocellulosic biorefinery is operating at the 
commercial scale, partially due to the failure of capturing value from all components of the cell wall. 
Essentially, all current lignocellulosic bioconversion platforms lead to a lignin-containing waste stream that 
needs further processing into valuable products. Although a certain amount of lignin (approximately 30%–
40%) is needed for the thermal requirements of biofuel production, a modern cellulosic processing plant will 
have approximately 60% excess lignin that is mainly burned. The utilization of lignin-containing biorefinery 
streams as feedstock for renewable products offers a significant opportunity to improve operational efficiency, 
reduce cost, reduce carbon emissions, and enhance the sustainability of lignocellulosic biofuels. We will 
uniquely address the challenge by developing technologies for a multi-stream integrated biorefinery, where the 
lignin-containing biorefinery waste will be utilized for producing high-value products. 

 

WBS: 3.5.1.501 

Presenter(s): Joshua Yuan 

Project Start Date: 05/01/2018 

Planned Project End Date: 11/30/2021 

Total DOE Funding: $2,795,276 
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Photo courtesy of Texas A&M AgriLife Research 

COMMENTS 
• This is interesting but complex and has many risks. The products are carbon fiber, an asphalt binder 

modifier, and a lipid. The expected prices look very overoptimistic. How are the new operations costs 
estimated? Size? CapEx? This is too much, it is too unclear, and it is too complicated. 

• Although the level of engagement is not defined, the project has a large group of industry and academic 
partners. The presentation and project approach were incredibly difficult to follow. It appears that the 
project is doing research and discusses metrics, but I could not follow how they plan to arrive at a 
process that meets their economic requirements. This reviewer appreciates the metrics; however, they 
appear to be highly aggressive targets. The required targets for profitability were also not presented; 
therefore, the targets may be both too aggressive to be realistic as well as insufficient to demonstrate 
commercial viability. The project did not demonstrate whether the prices for their products are based on 
realistic, high-volume offtake agreements. The product quality dependence on the upfront hydrolysis 
process is unclear. The utilization and success of the upfront process was not demonstrated. The quality 
metrics for the large-scale electrospinning process is not clear. Although they are not listed as a partner, 
FCIC within BETO is doing work on lignin valorization, which may be of benefit to this project. The 
project is aware of and is working toward understanding the relationship between the feedstock 
properties and their final product quality. This is a sound objective, and the project presented a number 
of methods in which they are attempting to understand this relationship. Unfortunately, this reviewer 
could not follow this complex plan in the short time period allowed. The project stated that they had 
obtained a lignin fractionation technology that this reviewer has not heard of. This project relies on the 
development of other processes and projects that are, unfortunately, going slowly. It will be difficult for 
new technologies to add another new technology to their platform to get financing. I would have 
appreciated hearing about existing facilities where this technology could be proven. 

• The biggest issue with this project is that it takes a standard pretreatment (dilute acid) and enzymatic 
hydrolysis and claims that with the addition of NaOH to the lignin, it is worth anywhere from $1,000 to 
$20,000/ton. It is clear that the management team does not involve industry engagement or an IAB. 
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There is no discussion about the commercial cost of the unit operations and the impact on the TEA; the 
claim to reduce minimum ethanol selling price (MESP) by $0.5/GGE (?) is not suitably substantiated. 

• This project has too many products, is too complex, and the economic assumptions are too rosy. To its 
credit, the project listened to the reviewers of the previous Peer Review and downselected products from 
three to two based on potential revenue. The project appears to be making good progress toward its 
goals, but the presentation contained so many slides, it was difficult for this reviewer to follow 
everything, absorb all the information, and focus only on the salient points rather than a lot of extraneous 
information. The overall impact of the project is severely limited due to its complexity. It has a very high 
technical risk profile due to its complexity, so it is unlikely to be commercialized. 

• There are too many products for a lignocellulosic biomass plant. The unit operation count is simply too 
high, and the byproducts are not market-balanced. The small-product markets will be saturated long 
before a meaningful volume of fuel can be produced. The management team is on par with the process 
itself—there are much too many people and organizations for a project of this scope. We do not even 
reach the quad chart until slide 34, which is indicative of the unreasonable volume of this being 
addressed. The complexity needs to be dramatically scaled back or the project should be terminated.  

PI RESPONSE TO REVIEWER COMMENTS 
• General: One reviewer mentioned that the slide set he looked at is different from the presentation. We 

have double-checked to make sure that the correct version is in the system. In addition, for some reason, 
the sound for the presentation is not ideal and probably caused difficulty in following the presentation. 

The reviewer’s concern over the NaOH cost is a very fair one; however, our TEA has already considered 
the NaOH cost and still shows the decrease in MESP. We have prepared a detailed TEA; however, 
because no questions were raised about the detailed TEA, we were not able to present these details. 
Several factors need to be considered. First, the process does not necessarily involve NaOH for the 
carbon fiber stream. Second, the commercial facility in the paper and pulping industry has been well 
established with NaOH recycling technologies. Third, we are working on adjusting the temperature and 
trying different chemicals to reduce the alkaline cost. Fourth, in the wastewater treatment after acid 
pretreatment, a neutralization step will also need alkaline inputs. The step can consolidate the alkali 
lignin dissolution with the acid stream to form a lignin stream, which reduces the neutralization cost. The 
net additional cost for NaOH will not exceed $5,000, and will mostly be within the $1,000 range. 
Considering the significant cost recovery by asphalt binder modifier (>$2,000/ton lignin, >$10,000/ton 
biomass), the net cost scenario remains to reduce the MESP. We do heavily involve the industry 
advisors, including ICM, POET, and CarbonFIT. We did not have regular board meetings because 
industry partners each have a distinct interest in working with us, and a board would be 
counterproductive. For the commercial cost of the unit operation, we included the detailed Aspen model 
in the slide attachments but never got a chance to discuss it. The MESP reduction is based on the 
sensitivity analysis of the carbon fiber price’s impact on the MESP. It is based on the market price of 
carbon fiber.  

Regarding the product, we will focus on carbon fiber and an asphalt binder modifier only to reduce the 
complexity. We have carried out a sensitivity analysis of the carbon fiber price and its impacts on 
ethanol price. We are actually very conservative in price evaluation. The current carbon fiber market 
price is between $30/kg and $35/kg. The MESP is below zero with this price. We found that the MESP 
can achieve $2.67 with a carbon fiber price between $17 and $21. This price is significantly less than the 
current market price. In addition, for the asphalt binder modifier, we have increased 2 PG (performance 
grade) with a 5% addition of the fractionated lignin. The asphalt binder price increases by $100/ton for 
every PG, and the 2-PG increase at 5% lignin translates into 200/0.05 = $4,000/ton of fractionated lignin. 
We are counting the lignin-based asphalt binder modifier as only half this price, at $2,000; therefore, all 
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prices are conservative and substantiated. For carbon fiber, the new operation size is a regular 
biorefinery at 2,205 tons/day. The CapEx and other costs were all integrated with the Aspen model. 

Regarding the relevance of research and technical metrics to economics, the project is focusing on 
making quality products to enable value addition to the biorefinery. Technical metrics are essential for 
economics. With carbon fiber, previous lignin carbon has an elastic modulus around 30 GPa and a tensile 
strength around 400 MPa. This mechanical performance is not commercially relevant. DOE automobile-
grade carbon fiber expects to exceed the elastic modulus of 100 GPa and the tensile strength of 1 GPa. 
The economics evaluation only makes sense after we reached such technical performance. In the same 
way, the price for lignin as an asphalt binder modifier will depend significantly on the PG increase. We 
agree with the reviewer that the targets are aggressive; indeed, they are. However, we have increased the 
elastic modulus threefold and the tensile strength for 2.5-fold during the past 2 years using the science-
driven approach. This is not only important for the project but also represents a significant contribution 
to the carbon fiber, lignin valorization, and biorefinery fields. The question regarding the price at high 
volume is a very fair one. The carbon fiber market is increasing rapidly, and asphalt binder modifier also 
has a fairly large market. We have carried out market plasticity analysis showing that a few midsize 
biorefineries will not impact the carbon fiber market. The other side of the volume question is the 
multiple product streams. The ultimate solution to avoid market saturation and product devaluation is to 
develop multiple product streams. This is why the project actually focuses on multiple products. 
Currently, we are not using electrospinning at scale. The slide shows a customized (ready-to-scale-up) 
wet spinning facility. Wet spinning is the most common spinning technology being used in the industry 
now. We appreciate that the reviewer mentioned the FCIC and BETO efforts. We have an ongoing 
collaboration with FCIC-funded researchers. We are happy to expand the collaborations. We agree with 
the reviewer that a lot of progress needs to be accomplished within a short period of time; indeed, we 
made significant progress within a short period of time. We agree with the reviewer very much on using 
the existing facility to demonstrate the technology. We are working with NREL to scale up the 
biorefinery processing to demonstrate the applicability to the current biorefinery. The technology leading 
to carbon fiber is a universal (proprietary) treatment technology for lignin to allow high-quality carbon 
fiber. It is a novel invention in the project. We are happy to share it with the public when the patent is 
filed. 

We agree with the reviewer that the complexity needs to be scaled back. We will scale down from the 
three product streams to two product streams at the technology scale-up to a half dry ton/day. We do not 
agree with the reviewer in terms of “too many products.” If we examine a petroleum refinery or a wet 
milling first-generation biorefinery, each has multiple products to add value to the refinery and supply 
chain, allowing the low fuel price. The single- or limited-product biorefinery concept is partially 
accounted for in the current failure in the low-carbon biorefinery industry. No low-carbon biorefinery is 
currently operating even at the commercial level. This is partially due to the limited value that fuel can 
bring to the biorefinery. More importantly, the reviewer has concerns about the market size. Few 
products can share the same market size as fuel yet maintain high prices. This is why multiple product 
streams are essential for this project.  

The number of products has been previously addressed. The multiple products are to avoid market 
saturation. Indeed, as the reviewer noted, we responded to the previous Peer Review and will scale down 
to two product streams in the scale-up. The economic assumptions were substantiated by the complete 
Aspen model, current market price, market plasticity analysis, and performance-based product price 
analysis. We very much agree with the reviewer on the high risk of the project. The project is high risk 
and high impact, with the potential to deliver at least two product streams to significantly decrease the 
fuel price for the biorefinery. The significant progress—including the more than threefold increase of the 
elastic modulus, the 2.5-times increase in the tensile strength, and the approximate two-times increase in 
the PG temperature—has demonstrated the team’s capacity of de-risking. 
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PILOT-SCALE BIOCHEMICAL AND HYDROTHERMAL 
INTEGRATED BIOREFINERY FOR COST-EFFECTIVE 
PRODUCTION OF FUELS AND VALUE-ADDED PRODUCTS 
South Dakota School of Mines and Technology 

PROJECT DESCRIPTION 
The major objective of this project is to demonstrate 
the cost-effective production of high-value products 
(biocarbon, carbon nanofiber felt/sponge, phenol, and 
lactic acid) from the waste streams (unhydrolyzed 
solids [UHS] and aqueous waste) originated from the 
biochemical processing of corn stover at a pilot-scale 
level with a throughput of 1 ton/day. An additional 
goal is to understand the revenue stream generated from these four high-value-added products and perform 
TEA/LCA to achieve BETO’s 2022 cost target of $3/GGE with >50% reduction in GHG emissions. An 
integrated technology approach was developed to convert UHS into biocarbon and carbon nanofibers via HTL 
followed by graphitization and electrospinning, respectively. Aqueous waste generated from HTL processing 
was attempted to enrich for lactic acid by the wet oxidation technique. The project is focused on developing 
two products: product 1, biocarbon, and product 4, lactic acid. The key activities included were (1) 
preprocessing of corn stover at a pilot scale; (2) pretreatment and enzymatic hydrolysis to obtain UHS from 
corn stover; (3) optimization of HTL processing of UHS and characterization of biochar, heavy bio-oil, and 
aqueous waste; (4) wet oxidation of aqueous waste to enrich lactic acid; (5) graphitization of biochar to obtain 
battery-grade biocarbon, and (6) pilot-scale trials and TEA/LCA.  

 

WBS: 3.5.1.502 

Presenter(s): Rajesh Shende 

Project Start Date: 02/15/2018 

Planned Project End Date: 01/14/2022 

Total DOE Funding: $2,317,995 



2021 PROJECT PEER REVIEW 

 

1285 SYSTEMS DEVELOPMENT AND INTEGRATION 

 

Photo courtesy of South Dakota School of Mines and Technology 

COMMENTS 
• There are unanswered previous questions, and this is complex. There are so many products, there are 

confusing BFDs, it is too optimistic, and the theoretical yields should be from the simulation. Is this 
waste or a specialized solid product? Four products downselected to two? There are plenty of undefined 
aspects and an unclear path to any commercialization. 

• The project is looking to optimize conditions in their pilot plant by using DOE software and other 
simulations (risk registry). This is backward. Software and simulations help plan the operations of a pilot 
plant. From that point forward, if the simulation is not correct, its algorithm will necessarily be adjusted 
based on actual data. The risk of degradation or other changes to the properties of materials between 
facilities does not appear to be considered in this project. The structural degradation of fibers, sugars, 
and other properties can be considerable in short time periods if not properly neutralized; however, 
neutralization brings its own set of process-related challenges that must be considered. The process 
appears to be very complex and interdependent for the production of several relatively low-value 
products. The market size of the products is overstated. The project is studying simply too many 
individual issues and products in this project to ever make any headway. It needs to pick fewer products, 
reduce the scope, reduce the complexity and CapEx of its design, and move forward. The project plan is 
not really presented in a logical manner. Although it is appreciated that pilot trails are being done as well 
as integrated testing, how it is being managed and the validation plan were not clear. The project was 
able to demonstrate that they can meet the metrics that are specified and approved by DOE. The process 
yields from each unit operation were discussed, but the feed stream requirements for that unit operation 
were not. It is not clear if the project understands the impact of changing variables to each unit operation 
or has a validation plan to determine that impact. The project has multiple products to consider and is 
dependent on each to be of a good quality to be sold on the market. This is not ideal. If the quality of one 
product is insufficient to meet market conditions, the overall profitability of the facility is in question. 
Each product being offered by this facility has high barriers to entry, with unknown specifications and 
purity requirements. 

• There are too many products and much too many unit operations for this process to succeed. This was 
addressed in the 2019 Peer Review, but the exact same comment applies 2 years later. The set of four 
sub-flow sheets on slide 28 is perhaps twice as complex as the most unrealistically complex low-carbon 
biomass flow sheet I have ever seen, all to produce a suite of products with markets much too small to 



2021 PROJECT PEER REVIEW 

 

1286 SYSTEMS DEVELOPMENT AND INTEGRATION 

support meaningful fuel production. The project needs to be completely redirected or terminated. It is, at 
present, a waste of money. 

• This project appears to be focused on graduate school projects instead of advancing the technology. The 
overall approach is unrealistic, with too many products and too much complexity for a commercial 
facility. Evaluating numerous coproducts is better done at a much earlier development level, not SDI. In 
addition, at the last Peer Review, the project was advised to limit the number of products, and they failed 
to do so. Further, the Peer Review Panel asked why this was not done, and the PI replied that the side 
products are generated by “default,” they wanted to see the impact on the TEA, and they wanted to 
investigate “any low-value” streams. At the pilot scale, they would “mostly narrow down to the solid 
products.” This appears to be an exploration activity instead of an SDI project focused on scale-up. 
Although the project has made some progress on its goals, it is unlikely that this project will have an 
impact due to its complex flow sheet and the inability of the team to modify its approach and to 
recognize the overall goals of SDI projects. 

• This project is badly in need of industry advisors. The goals are not realistic, the products are not 
realistic, and it is much too aggressive in TEA assumptions. The concept is to enable biofuels via high-
value products from waste; this project uses a nonstandard pretreatment process to maximize “waste” 
streams, and then it focuses on multiple operations to make myriad products. It is hard to believe that 
with the proposed number of unit operations anything close to $3/GGE for the fuel product would ever 
be reached, and no TEA or financial data were presented to support this claim. 

PI RESPONSE TO REVIEWER COMMENTS 
• Regarding the comments, “There are unanswered previous questions, and this is complex. There are so 

many products, confusing BFDs, it is too optimistic, and the theoretical yields should be from the 
simulation.” The focus of the proposed work is to utilize the waste streams generated from the 
biochemical technology platform and convert it into high-value products. It is expected that the revenue 
stream generated from these high-value products will reduce the fuel cost to meet the objective of 
$3/GGE. Originally, we proposed to derive four products—product 1, biocarbon; product 2, carbon 
nanofibers; product 3, phenol; and product 4, lactic acid—from the UHS recovered from the biochemical 
platform. Among these, products 1 and 2 are solid products, whereas products 3 and 4 are liquid side 
products. Product 1, biocarbon, which is also used for battery carbon electrodes, has outperformed in 
terms of specific capacitance (>300 F/g) and cyclic stability over 10,000 charging/discharging cycles. 
This type of carbon is currently being sold in the market at approximately $20,000/ton. Product 4, lactic 
acid derived from lignocellulosic biomass, is an industrially useful product because almost all current 
feed streams used for polylactic acid manufacturing are derived from the edible source that competes 
with the food chain supply. Looking at the complexity of the unit operations and BFDs, we can select 
two products (product 1, biocarbon, and product 4, lactic acid), per the panel recommendations; 
however, we further seek approval from our technology manager. Currently, my team is working with 
the commercial partners and developing a five-step commercialization path. An invention disclosure is 
being filed with the South Dakota School of Mines and Technology office about the HTL-derived 
hydrochar and its subsequent chemical/thermal processing to obtain high-quality carbon. We are also 
continuously monitoring the market for the products of interest. Our value chain involved the 
participation of different people from technology developers, experts from the raw material chain, 
investors, startup companies, and end users. At this point, companies such as NEI Corporation and 
Nanopareil LLC are evaluating our products. Clear roles and responsibilities are assigned to the team 
members. A person at Lonza Group AG has been contacted for further process/product development 
aspects on a commercial scale. The Office of Economic Development at the South Dakota School of 
Mines and Technology has also been contacted to share technology concepts at their Entrepreneur in 
Residence program. In addition, technical risks have been identified, and the management of these risks 
will be facilitated by pilot-scale trials. This project had laboratory-scale optimization studies with respect 
to the corn stover-derived UHS to convert it into four high-value products. The entire technology 
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conversion pathway was optimized and demonstrated at the laboratory scale to the contract engineers. 
Transitioning the technology to the pilot scale was delayed due to the (1) overall pandemic situation, (2) 
unavailability of staff for the lab trials, (3) no on-time delivery of materials and supplies, (4) no fixed 
timeline provided for equipment repairs, delivery, etc. 

Regarding the comments, “The project is looking to optimize conditions in their pilot plant by using 
DOE software and other simulations (risk registry). This is backward,” We fully agree with the reviewer. 
We can downselect to two products, mainly product 1, biocarbon, and product 4, lactic acid, among the 
four products originally proposed. This aspect will be thoroughly discussed with our technology manager 
to execute a follow-up action plan if such changes are acceptable. The aim of the simulation was to 
understand the variability of HTL process conditions on the product yields. We performed HTL 
experiments at a bench scale to understand the mass and energy balances with respect to the quality and 
yield of different products by changing the HTL processing parameters, such as reaction temperature, 
initial nitrogen purge pressure, reaction time, and biomass-to-solvent ratio. The results obtained from 
these experiments were published in peer-reviewed journals and have been regularly communicated in 
our quarterly reports. Response surface methodology was used to generate contour 3D plots to 
understand the impact of HTL processing conditions on product yield as well selectivity. This simulation 
study provided us with some guidelines about the selection of specific processing parameters to 
maximize the product yield. Simulations also helped to develop understanding of the interdependence 
ability of the coproducts in terms of their productivity. Experimental and simulation results agreed 
within a 94% confidence limit. The PIs fully agree with the reviewer that the simulation based on the 
pilot-scale trials will need adjustment of specific algorithms with respect to the product yield. Once a 
few pilot-scale trials are done, we will address the simulation task again. We are fully aware of the 
potential risks involved with the degradation of feedstock or the products. Please note that there is no 
inclusion of storage of derived sugars after the biochemical processing of preprocessed corn stover. With 
prior consultations, the project was advised to focus only on the waste conversion into high-value 
products. As such, INL has sufficient storage resource to store preprocessed corn stover. We have been 
storing INL-supplied, preprocessed corn stover inside a room at ambient conditions in a typical 
laboratory setting. Using this preprocessed corn stover, multiple HTL batches were performed. As such, 
no major change in the product yield or quality was observed. We fully understand that the 
biochemically derived material will need appropriate storage conditions. We do value the comment made 
by the reviewer on the neutralization step and the complexity that might arise after the alkaline 
pretreatment. Regardless of acid or alkali, a neutralization step will be necessary for enzymatic 
hydrolysis. Both steps were considered to derive the UHS to be able to process it further to generate 
high-value products. All feed streams were fully characterized for different unit operations and were 
regularly documented in the quarterly reports and in peer-reviewed publications. For example, ultimate 
and proximate analysis, particle size, moisture, pH, lignin content, amount of sugars generated, etc., were 
thoroughly characterized and documented. Presenting all relevant characteristics during the Peer Review 
meeting was a serious omission on our part, but this has been addressed. The global graphite market is 
predicted to witness a 7.4% compound annual growth rate between 2020 and 2030 to reach $36,889.1 
million in 2030 from $19,092.9 million in 2019 (https://www.prnewswire.com/news-releases/graphite-
market-to-hit-36-889-1-mn-revenue-by-2030-ps-intelligence-301233102.html). 

Regarding the comments, “This project appears to be focused on graduate school projects instead of 
advancing the technology. The overall approach is unrealistic, with too many products and too much 
complexity for a commercial facility,” developing a cost-effective conversion pathway for waste to high-
value products is very challenging because of the feedstock complexities that exist at the front end. 
Devising conversion pathways involved a risk assessment. Although we were establishing a conversion 
pathway, a significant amount of data/results were generated, which resulted in a number of peer-
reviewed publications. Including all the data/results in the presentation might have made an impression 
of a graduate student project. The conversion pathways derived are novel and are not reported in the 
literature. We fully agree with the reviewer that the evaluation of coproducts is done at earlier 

https://www.prnewswire.com/news-releases/graphite-market-to-hit-36-889-1-mn-revenue-by-2030-ps-intelligence-301233102.html
https://www.prnewswire.com/news-releases/graphite-market-to-hit-36-889-1-mn-revenue-by-2030-ps-intelligence-301233102.html
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development than at SDI. Because pilot-scale trials were delayed due to the pandemic situation, we 
investigated several possibilities at a laboratory scale to examine the feasibility for integration. Pertinent 
results made us make very important decisions that will be useful and impactful during the pilot-scale 
trials. For instance, the hydrochar derived from the HTL processing can be treated via various processing 
options; however, which one will be more impactful in achieving a certain level of graphitization at a 
later stage is critical and cost-effective. Typically, product 3, phenol, and product 4, lactic acid, are 
observed, along with other oxygenated hydrocarbons in a wastewater stream originating from the HTL 
regardless of the processing conditions employed. This is precisely the reason of the PI mentioning the 
default action. Without looking into a possibility of recovering these products, the wastewater stream can 
also be treated directly. The wastewater treatment cost will negatively impact the fuel cost. Our logical 
approach was to investigate if any of these products can be either enriched or recovered and sold as a 
coproduct. The obvious benefit will be the positive impact that these products can bring over the fuel 
cost as well as GHG reductions that can be validated with TEA/LCA.  

Regarding the comments: “This project is badly in need of industry advisors. The goals are not realistic, 
the products are not realistic, and it is much too aggressive in TEA assumptions.” Currently, my team is 
working with commercial entities such as NEI Corporation, Nanopareil LLC, Polykala LLC, and Lonza 
Group AG. In addition, we have contacted the Office of Economic Development at the South Dakota 
School of Mines and Technology to share technology concepts at the Entrepreneur in Residence 
program. The Entrepreneur in Residence program has more than 25 highly successful entrepreneurs and 
businesspeople. This program offers entrepreneurship activities, business formation and networking, 
market trend analysis, team building, IP, etc. Many CEOs will be on the South Dakota School of Mines 
and Technology campus, and it is the PI’s intent to meet these chief executive officers and present the 
technology concept, products, and their quality, and to seek guidance on the commercialization strategy. 
Our industry advisors will help us set up the commercial goals, market assessment, investments, and 
profit estimation. Currently, they are seeking the pilot-scale data and TEA, which are currently lacking. 
These activities were delayed, but they are forthcoming. Our team has mass and energy balance data for 
optimized, laboratory-scale, integrated processing. Among all pilot-scale processing, only preprocessing 
is completed at a pilot scale. For TEA, we are aware of the costs associated with the mechanical 
separation, size reduction, and chemical pretreatment and drying costs of $1.00, $17.21, and $20–
$40/ton, respectively. In addition, we are continuously monitoring market data (global market, 
compound annual growth rate, market price) for the products of interest. Damon Heartly at INL has been 
contacted to perform TEA. Once entire pilot-scale trials are done, the data/results will be provided to 
Heartly for TEA. 

Regarding the comments, “There are too many products and much too many unit operations for this 
process to succeed. This was addressed in the 2019 Peer Review, but the exact same comment applies 2 
years later.” Developing a conversion pathway for the complex feedstock, such as waste solids derived 
from the biochemical platform for its conversion into high-value products, is very challenging because 
there are no relevant studies reported in the literature. If these pathways are not fully understood and 
analyzed well, errors will accrue at each processing step. At a glance, BFDs appear too complex, with 
many unit operations involved, which will get simplified as we move to downselect to two products. In 
our original proposal, we proposed four products: product 1, biocarbon; product 2, carbon nanofibers; 
product 3, phenol; and product 4, lactic acid. Among these, products 1 and 2 are solid products, whereas 
products 3 and 4 are liquid side products. Product 1, biocarbon, which is battery-grade carbonaceous 
electrode material, was found to have superior characteristics (specific capacitance >300 F/g and stability 
over 10,000 charging/discharging cycles). This type of carbon is currently being sold in the market at 
$20,000/ton. The technology of electrospinning for product 2, carbon nanofibers/felt, is not yet 
demonstrated at a mass production scale corresponding to the throughput referred in this project. 
Typically, product 3, phenol, and product 4, lactic acid, are observed, along with other oxygenated 
hydrocarbons in a wastewater stream originating from the HTL regardless of the processing conditions 
used. Without recovering these products, the wastewater stream can be treated directly; however, the 
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treatment cost will negatively impact the fuel cost. Our logical approach was to investigate if any of 
these products can be either enriched or recovered to generate revenues. If the separation or enrichment 
is cost-competitive, these products can reduce the fuel cost as well as GHG emissions. Product 4, lactic 
acid, derived from lignocellulosic biomass, is industrially relevant because almost all current feed 
streams used for polylactic acid manufacturing are derived from the edible source that competes with the 
food supply chain. At this moment, we do not have pilot-scale data/results for the entire waste 
conversion pathway, which delayed our decision about the possible omission of two products. Successful 
laboratory trials suggest the selection of two products—product 1, biocarbon, and product 4, lactic 
acid—which will reduce the number of unit operations and simplify the BFDs. We fully agree with your 
recommendations; however, regarding the change in the direction of the project, we would like to seek 
approval from our technology manager. We could not make a decision about eliminating certain 
products because the development of an entire conversion pathway took a significant amount of time, 
and, also, many activities (for almost 9–10 months) fell out of schedule due to the pandemic. Without a 
complete assessment, no logical baseline was available to our team to disregard any of these products. 
Regarding scope, the PIs will focus their attention on other aspects of the project after two products are 
eliminated from the originally proposed list of four. 
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PILOT-SCALE ALGAL OIL PRODUCTION 
Global Algae Innovations, Inc. 

PROJECT DESCRIPTION 
The goal of this project is to scale up an open-
raceway algal biofuel process that is economically 
viable and sustainable. This project will result in a 
front-end-loaded design document with −5%/+15% 
cost estimate accuracy for a 160-acre, pilot-scale 
algae farm; a business plan, including TEA results; 
and a project management plan for the detailed 
design, construction, and start-up of the pilot facility. The project team includes the California Center for Algal 
Biotechnology at the University of California, San Diego, and TSD Management Associates. The project will 
scale up Global Algae Innovations’ technology suite of novel technologies to improve every area in the algae 
cultivation and processing. The technology suite includes scalable open raceways with innovations that greatly 
increase productivity and reduce energy use; the Zobi harvest system that achieves 100% harvest efficiency 
with 1/100th the energy use of centrifuges; a suite of contamination control innovations that enable stable, 
large-scale open raceway cultivation; and direct air capture for CO2 supply. 

 

WBS: 3.5.2.201 

Presenter(s): David Hazlebeck 

Project Start Date: 01/15/2017 

Planned Project End Date: 12/31/2021 

Total DOE Funding: $4,471,580 
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Photo courtesy of Global Algae Innovations, Inc. 

COMMENTS 
• The output of this project is supposed to be a package ready to go to, if not construction, at least EPC, 

with investor support. This is possibly good, and all is reasonable in the algae, but there are so many 
specifics, it makes it hard to judge CapEx. Included, a major component, is $500 million for a large 
facility, but also a high return on investment. The cost is a bit higher than NREL’s. The largest cost is the 
raceway, which costs right in the middle of NREL’s TEA models. The total cost is high enough to be 
credible, but it is also too high to attract commercial interest for a first facility, even if the return on 
investment is as high as claimed. What is the plan? 

• The presentation is filled with unnecessary hyperbole and “data” that are at worst speculative and at best 
based on ideal lab results never duplicated even in real-world trials. The plot on the right-hand side of 
slide 4 is misleadingly labeled with “yield” on each axis. Yields are indeed plotted for the non-algae 
species, but lab results are plotted for algae, plus an undemonstrated “farm 160 design,” as if it had been 
achieved. This hyperbole has long plagued the field of algae, and it does no good and perhaps much 
harm here. Both other plots on that slide are equally misleading and border on scientific dishonesty. The 
only question is which side of the border. On slide 5, the assault continues. Algae for fuel have achieved 
precisely none of the benefits listed, and even algae for higher-value products have barely scratched the 
surface. Slide 6 cites more speculation, with no real-world data involved. All presenters are expected to 
advocate to some degree for the work they are doing, but this is by far the most excessive in the full 5 
days of the SDI Peer Review. The technology advisory committee is experienced but primarily in exactly 
the mode of algae cultivation correctly identified as being 10 times too expensive for fuel production. It 
is not clear that their experience best addresses the need for a true breakthrough. Slide 11 sums the 
contributions of 11 “major breakthroughs,” but none are described. There are no actual data anywhere, 
only claims of economic impacts of “breakthroughs.” Slide 18 assumes 22 t of CO2 will be available 
affordably from direct air capture (slide 17). The only commercial direct air capture I am aware of sells 
CO2 credits at 1,100 Euros/t, hardly fuel economics for algae. In harvesting, the unlikely “Zobi 
harvester” supposedly affordably separates 10 t of algae from 12,000 t of water (11.9 megaliters). It is 
simple enough just to repeat the 2019 Peer Review comment: “It is not clear that the project advances the 
SOA.” The act of repeatedly saying that you are advancing the SOA is hardly enough. 
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• The presentation spent a lot of effort going over the advantages of algae, which took away from some 
detail that they appear to have at a project level but did not come through in the slides. The project lays 
out many of the items required to properly manage a project but did not provide many details on any 
piece. How CO2 capture is being done is not clear, nor is the cost for it. It is unclear how this project 
plans to scale up each piece of equipment. It appears that significant research has been done in selecting 
equipment and species; however, it is not clear what information or actual operating algae projects have 
validated some of the technology here. The project had to reset due to COVID, but it continues to 
attempt to make progress toward construction. It is not clear why the design lagged behind the 
construction projects or whether their office had to be closed as well. The project appears to be working 
toward a fixed-bid contract to construct, but it is not clear if the design is complete or not. Scale-up and 
testing of so many new innovations is a challenge for any project. It is unclear if any or all the 
innovations noted have been tested at any scale. The advantages of the SOA in terms of making this 
project economic over other technologies was presented; however, a TEA for this project was not noted. 
It is unclear who is purchasing the dried algae for further processing or if that is a part of the future 
commercial plans. A 5,000-acre algae is a good opportunity to produce oil and protein for the biorefinery 
industry; however, algae projects have been beset by high CapEx costs and low productivity, and the 
project does not make clear that they have hit targets high enough for commercialization. The cost of 
$500 million with land costs appears to be lower than expected. It would be great if the costs projected 
are accurate and the money can be raised. The ability to demonstrate the number of new advances in the 
technology presented would be helpful (while also risky, as noted) to other algae industry players 
because some of the technologies appear to be off the shelf. 

• The summary of technology selection (slide 17) was terrific. Elaborating on these achievements and their 
impact would have been much more informative and helpful in the review instead of including wide-
ranging claims regarding the algae industry (e.g., preventing mass extinction). As a reviewer, for most of 
the presentation, I felt that I was reviewing a sales pitch for algae instead of a technical presentation on 
this specific project. The management plan was very basic, without a discussion of project risks and 
mitigation or how the team and tasks are organized. They do have a good technical advisory committee, 
which is great. The approach appeared to be just a list of activities without some explanation of how they 
will/were tackled. The impact has already been briefly discussed, but the impact of the specific project 
appeared to focus on achievements rather than how these will translate to impacts. Finally, it appears that 
goals are being met, especially with respect to improved technology and equipment selection. It is my 
sense that the project could have been graded much higher, but I was unable to do this given the lack of 
specificity on almost all the metrics. 

• This is a very good project that suffered from a poor presentation—the focus needed to be on the 
technical advances made that can lead to the feasible commercialization of the project. It would have 
been nice to hear more about the commercialization of technologies, such as the harvester and the dryer, 
as well as additional detail around the TEA to help understand the project and the likelihood of 
implementation at the commercial scale. 

PI RESPONSE TO REVIEWER COMMENTS 
• We agree—more time on the technical advances and commercialization would have been beneficial and 

preferred from our perspective; however, it was important to spend a few minutes providing information 
on algae technology in general because the institutional knowledge on algal biofuels needs to be built up. 
The differences between algal biofuels and cellulosic fuels require different thinking in many areas. 
Cellulosic fuels have a 10-year head start in BETO funding and have received at least 10 times more 
R&D investment, so it is natural that most projects on scaling up technology have been cellulosic 
biofuels, and, of course, this is SDI’s experience base. The fact that one of the reviewers believes that 
actual yield data from the large-scale production were lab data or hyperbole illustrates part of why 
building this institutional knowledge is important. The data points on the plots are actual yield data from 
two commercial facilities that have been growing algae for years and from our large-scale outdoor 
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facility in Hawaii. The design point on the chart is conservative relative to what has actually been 
demonstrated and verified by one of DOE’s independent engineers for our large-scale outdoor algae 
cultivation. The response of disbelief is not unreasonable, given the incredibly high productivity and 
wide-ranging potential impacts of algae.  

The high productivity and protein coproducts from algal biofuels lead to the need for a paradigm shift in 
thinking about many aspects of biofuel production. For example, algal biofuels do not compete with 
food. Instead, land or water used for algal biofuels actually generates much greater protein yield as a 
coproduct such that algal biofuels free up land and water that would otherwise be needed for this protein 
production. Many of the reviewer comments hit on the most important question: Has the technology 
progressed enough to enable commercial production? The technology selection slide listed many of the 
breakthroughs and innovations in this project. All these innovations have been demonstrated, and the 
majority were reviewed and verified by a DOE independent engineer. The cost projections are based on 
these innovations. Looking at some of the specific techno-economic questions: On harvesting, the Zobi 
harvester is being operated 24/7 in commercial algae farms, so the economics presented have very strong 
backup. On direct air capture, the technology has been demonstrated at the Kauai algae facility, and the 
actual cost for supplying CO2 at this scale was $8/t. On the overall CapEx, it is driven primarily by 
cultivation and harvesting; the cultivation estimates are in line with estimates from two independent 
engineering firms, and the Zobi harvester estimate is based on systems of similar size supplied for 
commercial algae farms. There is a strong basis for the TEA presented and for the conclusion that a 
commercial facility will be economic and financeable; however, the risks are still high, especially with 
so many innovations incorporated into the design, which is why this project to design a facility for an 
intermediate-scale, 160-acre farm is so important. 

  



2021 PROJECT PEER REVIEW 

 

1294 SYSTEMS DEVELOPMENT AND INTEGRATION 

HYPOWERS: HYDROTHERMAL PROCESSING OF 
WASTEWATER SOLIDS 
Water Research Foundation 

PROJECT DESCRIPTION 
The purpose of the HYPOWERS project is to design, 
build, and operate a hydrothermal processing (HTP) 
system to convert wastewater solids into renewable 
biofuel and methane at an operating wastewater 
treatment plant. The process has been developed by 
DOE primarily at PNNL and has been demonstrated 
at smaller scales, but a larger system running 
continuously in an industry environment is needed to support full commercialization.  

The project has attracted intense interest from the wastewater industry because of the capabilities of the 
technology: 

• By eliminating organic solids, HTP addresses solids management, which is 60% of total OpEx.  

• Reduces life cycle cost by 50% compared to anaerobic digestion, which is the incumbent technology.  

• Full implementation of HTP in the wastewater industry will save $2.2 billion and produce 41 million 
barrels of oil/year. 

 

WBS: 3.5.2.202 

Presenter(s): Jeff Moeller 

Project Start Date: 01/15/2017 

Planned Project End Date: 03/31/2021 

Total DOE Funding: $24,457,299 
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Photo courtesy of Water Research Foundation 

COMMENTS 
• This is a very interesting and good project, but the presentation could have used some more detail. The 

presentation provided critical insights into moving from Phase I to Phase II, particularly the difficulty of 
finding cost-share sources even with a successful initial phase. There are questions on the long-term 
ability to generate tipping fees from waste, but these are addressed through the reduction of dangerous 
targeted compounds in wastewater (PFAS). It is always good to question the upgrading strategy and 
options for the final products as well as the dependence on financial incentives (RINs, LCFS, etc.) 

• There are clearly defined roles for the different project participants. There is good discussion on the risks 
of the project going into the scale-up of the existing system. The team is working with the right DOE 
team (PNNL) as well for the advancement of this technology. It is unclear why a fabrication partner that 
has experience in hydrothermal systems is important on this project. The project has taken the time to 
test the feedstocks for both wastewater treatment and HTP for the validation of the engineering 
assumptions prior to the build. It is unclear if this work can be translated into additional facilities or if 
this work will need to be repeated at the next facility. The project did not present any information that 
would lead the reviewer to believe that they understand the fundamental factors in their process. This 
project has the potential to have a large impact by getting rid of a waste as a feedstock, producing more 
fuels, and reducing local utility costs for communities around the nation. The project has put together a 
solid business plan with what appears to be all the necessary focuses. They are working with refiners to 
offtake this oil and have interest from several in hydrotreating it for a final fuel product. It was not clear 
what the project was doing to address the technical challenges it raised at the start of the presentation, 
such as catalyst life due to sulfur. The scale-up of 10 times on its surface seems reasonable, but the 
details of what is being scaled up and how were not discussed. The project reports that it has been scaled 
up eight times so far. 

• The project appears to be stalled looking for funding. The management plan looks sound, and there is an 
excellent risk register in extra slides that should have been highlighted. The project team is highly 
qualified. The technical approach is sound and was progressing well until the funding gap. It would have 
been good to understand how the team is going about closing the gap. The chance for impact is 
significant due to the potential for PFAS resolution and the need for a wastewater treatment facility to 
reduce waste. It is unclear whether the economics will work when the waste is needed as a feedstock. 
Finally, the team has been meeting its goals. 
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• This is an excellent project that directly addresses a major problem in one industry while implementing a 
solution to commercial biofuels production. The ability of the process to destroy PFAS is huge and 
should be highlighted more. There is an excellent management plan, with industry engagement and an 
advisory committee. The approach guarantees a supply of feedstock for commercial implementation and 
has the potential to provide a significant amount of biofuel. 

PI RESPONSE TO REVIEWER COMMENTS 
• We thank all the reviewers for their time in the review and for their encouraging comments as well as 

constructive feedback. Following are our responses to several questions and items of note from the 
reviewers.  

We agree with the reviewers that the ability to destroy PFAS is extremely important, and we are working 
to be able to publish proof of destruction. Team discussions with the EPA are ongoing about including 
this technology in its list of PFAS destruction solutions for wastewater solids. The difficulty is that there 
are hundreds or even thousands of PFAS compounds, and concentrations are extremely low, making 
precision in testing essential—which takes time. The scientific credibility of the testing results will be 
essential.  

With regard to the reviewer’s comments about the cost-share and tipping fees, these are good points, and 
they are interrelated. The difficulty in obtaining funds to go from Phase 1 to Phase 2 is real, and it even 
has a name: “The Valley of Death.” As noted in the presentation, the team is indeed working diligently 
to secure the remaining cost share and contingency funding needed and has plans to bring on a new 
capitalization partner so that the project can proceed. The problem has arisen because we have not had a 
single large team member that can serve as a funding source for the remaining cost share, whereas 
external sources—such as private equity, “clean funds,” and family offices—raise the same questions as 
the reviewer about tipping fees and government incentives. Our response is that tipping fees are real 
because solids management is proven to comprise up to 50%–60% of the total operating cost for most 
wastewater utilities, and the figure is almost certain to increase with PFAS and other chemicals, landfill 
closures, new regulations, etc.; however, competition among those seeking to use this resource could still 
diminish its value. In this case, though, we believe HTP technology is in a stronger position than any 
other currently available technology.  

With regard to financial incentives, the topic of government incentives is always difficult because such 
incentives can change. The counterargument is that the current environment is highly favorable to such 
incentives, and the probability of removal seems low for now. Whether these arguments will cause new 
funds to flow to projects such as HYPOWERS is the question for the project.  

Regarding the need for a fabrication partner with experience in hydrothermal systems, such experience is 
not absolutely necessary; nevertheless, we feel that it is a positive qualification. So far, three different 
firms have built recent systems, and all have been successful. Our goal is to get to a small number of 
standard sizes and designs so that standard modules can be built repeatedly and differently finished sizes 
can be achieved by mixing standard modules in a train. This would reduce the engineering costs and the 
overall schedule, and it would allow cost reductions from experienced suppliers building repeatable 
units.  

Regarding addressing the catalyst life, PNNL is currently developing sulfur-resistant gasification 
catalysts that will be scaled up and tested by using an existing mobile catalytic gasification system as 
part of the HYPOWERS demonstration. No pilot-scale gasification system will be designed and built as 
part of the HYPOWERS project. The HTL aqueous phase will be returned to the treatment plant after 
some cleanup using conventional methods. Thank you again to the reviewer for their comments and 
feedback. 
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SMALL-SCALE DECENTRALIZED FUEL PRODUCTION 
FACILITIES VIA ADVANCED HEAT EXCHANGER-ENABLED 
BIOREFINERIES 
ThermoChem Recovery International, Inc. 

PROJECT DESCRIPTION 
This project will leverage the existing commercial, 
technical, and operational capabilities of both TRI 
and Velocys to demonstrate this in a 4-ton/day IBR 
PDU at the TRI Advanced Development Center in 
Durham, North Carolina, which includes both TRI 
and Velocys systems. The modifications will include 
the addition of an advanced heater and changes to the 
gas cleanup system. The project will be validated by performing a continuous, long-duration, integrated trial to 
produce diesel and naphtha and estimating the benefits for a reference 150-dry-ton/day biomass-to-diesel 
commercial plant. The anticipated benefits at this scale are: 

• 25% increase in usable syngas (H2 + CO) per unit mass of dry feedstock 

• >35% decrease in overall CapEx of the IBR  

• >$2/GGE OpEx of IBR. 

 

WBS: 3.5.2.204 

Presenter(s): Ravi Chandran 

Project Start Date: 01/15/2017 

Planned Project End Date: 06/30/2022 

Total DOE Funding: $8,116,984 
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Photo courtesy of TRI 

COMMENTS 
• This is an extremely generic presentation, especially the management and approach section. There is 

some insight into the partnership, but I was underwhelmed by the review. The project team needs to take 
these peer reviews seriously and understand that they are part of the necessities for publicly financed 
projects. 

• It is unclear what the project is validating these models against. Limited information was presented on 
what unit operations were being targeted for elimination or the impact of said elimination. The project 
expects the only process disadvantage to be the loss of char as a byproduct. The changes presented 
(reduction of compression, etc.) certainly do reduce CapEx, but the process will still need to compete 
economically with natural gas. A more complete comparison to a natural gas project on Fischer-Tropsch 
fuels would be helpful. There was no information on how the team plans to achieve <$2-GGE operation 
costs. The project did not provide a clear management plan that would support the effective completion 
of this project. There were no metrics or milestones provided other than high-level generic project needs 
(design, build, test). It is not clear what work has been done since 2019 that the reviewers should look at. 
Kinetics in the indirect (first-generation) and direct (second-generation) heated units are completely 
different, and it is not clear what studies TRI has done to determine the kinetics of this process. It was 
unclear if cold flow modeling was done to determine the CPFD simulation or how the fluidization was 
determined. 

• There are no meaningful results to review. The project is only approximately 10% costed, but 4 years of 
a budget period of approximately 7 years have passed. What is going on? The BFD (extra slides) is very 
complex to succeed at the biorefinery scale. Also, it includes two inputs of natural gas and one of 
superheated steam from unspecified sources. With steam and natural gas being fed to the steam reformer, 
how much of the syngas reaching the Fischer-Tropsch reactor will be fossil-derived? It appears that only 
simulations have been run, but slide 15 appears to report experimental results? Are these actual trials? Is 
the syngas source TRI? 
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• This presentation was received late, and when it was received, it was a nothing-burger. It did not appear 
that the presenter took the time to develop a presentation that would address the requirements of the 
review. No data or results were presented—only generalities of achievements. Sitting through this 
presentation was a waste of time, and I feel that the reviewers’ time was not respected. Additional slides 
included addressing risks, which all showed that they were addressed in 2019, so it is unclear what work 
was done and/or why it was done in 2020. Also in the additional slides was the comment that the project 
had been reviewed in 2019, and all comments were complimentary. These should be shown in any case. 

• This project is lacking in several areas. The risk analysis is limited, and there is no meaningful mitigation 
plan. There is very little detail about what work is actually being completed, and the financial impact is 
poorly described, as is any detail of a TEA. The lack of information in the presentation makes it difficult 
to provide a meaningful review.  

PI RESPONSE TO REVIEWER COMMENTS 
• Phase 1 involved tasks related to process and data verification (budget period one) and component 

design (budget period two). Most of these tasks were completed prior to the 2019 BETO Peer Review 
meeting, and the details were presented in that meeting. Subsequently, we completed the finite element 
analysis of the advanced heater, and we prepared the budget for Phase 2 (budget period three and budget 
period four). Due to (1) the requirement for a contingency cash reserve of 25% of the Phase 2 budget and 
(2) TRI revenue impairment due to COVID-related delays, both projects have been on hold since 2020, 
with the consent of DOE. Because our understanding was that we were to provide an update since that 
2019 meeting, we did not include a list of tasks and milestones and the details for work accomplished 
prior to that date. We did request permission from DOE and we prepared and submitted a more detailed 
version of the presentation, but it appears that version did not get distributed to the reviewers. From a 
macro perspective, the legislative requirement that a small startup company such as TRI place more than 
$2 million in escrow has disrupted progress. We are thankful to BETO for giving us more time to clear 
this big hurdle, but it has been difficult, especially with the COVID headwinds. 

The models were validated using data from small-scale tests. Two sets of experiments were performed: 
the first comparing syngas production (H2 + CO yield) in the second-generation advanced heater mode 
with that from the first-generation heater mode, and the second to delineate the improved heat transfer 
performance of the advanced heater. CPFD’s Barracuda software was used to validate the model and was 
subsequently used to project the performance of the PDU steam reformer. We have a long history of 
working with CPFD (approximately 14 years), performed cold flow fluid dynamic studies to tune the 
fluidization dynamic parameters, provided the kinetic parameters from our database, validated the 
Barracuda simulation results on several platforms (PDU-forest residuals, PDU-MSW, and commercial 
black liquor steam reformer), and projected the syngas output for the Project Sierra MSW reformer. 
Once the Sierra unit comes online, we shall compare the predictions with field data and tweak the model 
if necessary.  

We worked with Siemens PLM Group to develop and validate a pulse combustion and heat transfer 
model, and then we used this to project the performance of the PDU advanced heater design. To reduce 
the CapEx and OpEx and facilitate IBR viability at a small scale, the focus was on eliminating oxygen 
input, reducing compressor power input, and employing modular high-intensity components. TRI 
normally employs a two-stage gasification process, i.e., indirectly heated first-stage steam reformer and a 
char converter or carbon trim cell as the second stage. The configuration of our first-generation pulsed 
heater is such that oxygen co-feed is typically required at the commercial scale; the advanced heater or 
second-generation heater can provide all the heat required for the endothermic reactions. The carbon trim 
cell operates in the partial oxidation mode to gasify the refractory char and hence requires oxygen input. 
So, we eliminated the carbon trim cell to cut out the need for oxygen. We included warm gas cleanup 
and conditioning, including partial catalytic hydrocarbon reforming; we eliminated the high-temperature, 
slagging Pox unit (this again eliminates the oxygen input); and we included the CO2 capture upstream of 
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the syngas compressor to improve the syngas quality and reduce the compressor power input. The IBR 
includes the modular, high-intensity Velocys microchannel Fischer-Tropsch reactor. We are aware that 
steam-methane reforming units are quite expensive, and this impacts the cost of natural gas-derived 
transportation fuel; however, this—when combined with RINs and LCFS credits—may help small-scale 
IBRs close the gap. Because the gasifier is feedstock-agnostic, utilization of a feedstock with tipping fee 
may further improve the economic viability. A TEA is planned in Phase 2 to assess these options. 
Finally, some of the technologies developed here would also help improve the economic viability of 
large-scale IBRs.  
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LOW-CARBON HYDROCARBON FUELS FROM INDUSTRIAL 
OFF-GAS 
LanzaTech, Inc. 

PROJECT DESCRIPTION 
The aviation industry is seeking economic and 
technically viable approaches to providing 
sustainable alternatives to petroleum-based jet fuel 
that reduce the carbon footprint of air travel. 
LanzaTech and its partners are implementing a 10-
million-gal/year facility to demonstrate the 
production of low-carbon jet and diesel fuels from 
ethanol using a process termed ATJ. The ATJ technology originated at PNNL and was scaled by LanzaTech. 
The technology will be demonstrated using ethanol from steel mill off-gas and cellulosic ethanol, among other 
sources. The new facility, Freedom Pines Fuels, is a project entity that will be owned and operated at 
LanzaTech’s Freedom Pines Biorefinery by LanzaJet, a company formed by LanzaTech for the 
commercialization of the ATJ technology. During Phase 1, LanzaTech completed the design and engineering 
required to achieve a −5/+15% cost estimate and two independent engineering reviews were completed. All 
technology and EPC partners have been selected. The environmental assessment required to obtain National 
Environmental Policy Act approval for the project and permit plan was developed to ensure that all required 
permits are obtained at each stage of the implementation. The project development has advanced: ethanol 
supply and offtake agreements have been secured, all equity has been secured, the project is in the late stages 
of a USDA loan guarantee, and LanzaTech is in negotiations with DOE for $14 million in additional funding 
for Phase 2. During Phase 2, the engineering of the process modules will be completed in parallel with 
preparation of the site and utilities. The modules will be fabricated and tested outside of the DOE-funded 
project scope. Modules will be shipped to Freedom Pines Fuels for on-site assembly, commissioning, and the 
start of fuel production.  

 

WBS: 3.5.2.403 

Presenter(s): Laurel Harmon 

Project Start Date: 01/15/2017 

Planned Project End Date: 12/31/2023 

Total DOE Funding: $9,017,103 
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Photo courtesy of LanzaTech, Inc. 

COMMENTS 
• Past successes should not be considered justification for a weak risk assessment and mitigation strategy. 

“Technology validated at multiple prior scales” was the risk mitigation strategy for a prior risk; the risks 
presented here should have included those specific to the design, construction, startup, and operation of 
this facility, including risks of amending existing permits versus submitting for new permits. There is 
good industry engagement and excellent potential for industry impact; approximately 125 A380 
flights/year is a good scale for demonstration. 

• The need to test “multiple sources” of ethanol was unexplained. It is not clear if the project is concerned 
that certain small-percentage compounds in the ethanol could negatively impact the process. If so, this 
was not presented in the risk management plan. It is not clear whether the cellulosic fiber residuals are a 
necessary part of the project to be operational (i.e., whether equipment is sized to operate without that 
feedstock stream). It does not appear that the cellulosic fiber stream is a part of the DOE project because 
it was not highlighted in the presentation. It is not clear who would be supplying the ethanol from these 
residuals. If the process has not been designed to operate without this particular feed stream, the entire 
project could be impacted due to procurement issues. This has happened in the past on other DOE 
projects, with poor results. The procurement strategy for this stream should have been laid out. The risks 
presented were all significant risks: feedstock supply, offtake, technical, and financial. Although the 
project team has a history of successful scale-up, additional details on the technical risks of this project 
were not provided, nor were their assessed impacts. Other risks, such as financial, were noted to have 
been addressed at this stage. The overall project was presented in a logical manner with a good 
comparison to other technologies for awareness of the specific process advantages and disadvantages, 
commercialization strategy, and market awareness. The project reported that the commercially produced 
catalyst was tested at a small scale by another project participant. The results of that testing were not 
provided in this presentation. It would be of benefit to understand how their commercially produced 
catalyst compares (technically) with their previous lab-produced catalyst. The project has advanced as 
far as they have been able to without the National Environmental Policy Act rating having been 
completed. Their plans are to move to finalizing their design and begin construction (Phase 2) once 
complete. It is unclear if all ethanol from China will be used in this project or only the amount necessary 
to provide technical validation that the process functions on the desired future LanzaTech feedstock. The 
project has made good progress in the 3 years that it has been in development. A study on the economics 
of ethylene to other products instead of fuel would have been of benefit. Other than already owning the 
site, it is not clear what advantages there are for the selected location for this project. 
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• The presenter mentioned several times that there were no remaining technical risks and frequently 
minimized other risks. Scaling up by six orders of magnitude is a significant risk that appears to be 
underestimated. I think this approach is very risky, and it should be reconsidered. Although there are 
many good parts of this project, the glossing over of potential pitfalls of a project with a significant 
scale-up makes the team appear overconfident. This overconfidence is also evidenced by a scant 
management plan. 

• The project appears to have a good management plan and approach for meeting its stated objective. The 
production of ethylene from ethanol should be devoted to displacing fossil fuel-based ethylene first. 
Second, oligomerization essentially follows the pathway by which alpha-olefins, especially 1-hexene and 
1-octene, are produced; and because of the costs of that process, those material sell at a substantial 
premium to the ethylene feedstock. Without cheap fossil ethane from natural gas, ethylene and alpha-
olefin prices will increase, and this route will be economically inferior to simply selling ethylene and/or 
alpha-olefins. There is also the issue of ethanol supply. Ethanol will continue to be a widely used 
gasoline blendstock for many years, and cellulosic ethanol will never be economical at a great scale; 
therefore, ethanol supply (at reasonable prices) is unlikely. 

PI RESPONSE TO REVIEWER COMMENTS 
• We appreciate the reviewers’ thoughtful attention and commentary on the project. The reviewers 

expressed concerns in the following areas: (1) site location, (2) business case, (3) ethanol sourcing, and 
(4) risk. In the following, we respond to the reviewers’ concerns organized by area.  

Site location: A reviewer expressed concerns over the site location. The site had been developed and 
prepared by the previous owner. Significant infrastructure is already in place that will be leveraged for 
the project. Prior development meant that no land needed to be cleared and that the site had previously 
gone through multiple environmental assessments with a finding of no significant impact issued by the 
USDA and by DOE, thus reducing the National Environmental Policy Act approval burdens. In addition, 
toward the goals of the current administration, LanzaTech’s Freedom Pines Biorefinery and LanzaJet’s 
Freedom Pines Fuels provide high-paying jobs to residents of Soperton, Georgia, a rural community that 
is 52% African American with a median household income of $20,000 (U.S. Census Bureau).  

Business case: Reviewers expressed concerns about using ethylene, derived from ethanol, to produce 
SAF. A reviewer suggested a “study on the economics of ethylene to other products.” Another reviewer 
suggested that bio-ethylene should be used only for current ethylene markets. This project is focused on 
SAF in which we offer new chemistry tied to abundant resources. The central challenge of SAF is having 
an abundant feedstock. Today, SAF is made from waste oils and fats, such as used cooking oil, and these 
are limited in supply. Sustainability concerns continue to be raised about both used cooking oil 
(traceability) and virgin vegetable oils. The use of ethanol as an intermediate also provides attractive 
process economics for ATJ for many reasons, including that the conditions are mild, no special 
metallurgy is required, and very high carbon yield and selectivity is possible. Viewing the project as a 
bio-ethylene project seeking new ethylene markets misses the impetus for the ATJ pathway as a solution 
for the challenges of sourcing SAF. Airlines need SAF today to achieve their carbon reduction goals. 
SAF is addressing a need for an industry in which electrification has limited opportunities. In the future, 
sourcing SAF will become even more important because the market for aviation fuels is projected to 
grow while demand for petroleum (gasoline and diesel) is projected to decrease due to electrification. 
The request to study the economics of ethylene to products is outside of the scope of this DOE project. 
We recognize that chemical markets are important, and we are actively engaged with partners in supply 
chains that can be accessed via ethanol dehydration to ethylene. That work is proceeding in parallel with 
this project, including understanding the GHG savings from such chemicals relative to conventional 
sources; however, the focus of DOE for this project is on GHG savings in transportation. Other products 
of ethylene, including polyethylene and polyethylene terephthalate, do not contribute to GHG emissions 
in this sector.  
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Ethanol sourcing: Reviewers expressed concerns about the sourcing of ethanol. The concerns range from 
the reason for testing “multiple sources”; the use of cellulosic fibers in ethanol production; who would be 
supplying the ethanol and the impact of procurement of the ethanol; and doubt that low-cost, sustainably 
sourced ethanol will be available. This project explores new chemistry to produce SAF based on ethanol 
as a platform molecule. The purpose of sourcing ethanol from multiple sources within the project is to 
demonstrate to sustainable ethanol producers and to offtakers that may not be chemically sophisticated 
that their ethanol works and that SAF production is independent of ethanol source. Corn kernel fiber 
ethanol is a source of D3 ethanol in the United States today, and it has been secured as one ethanol 
source. Ethanol producers are seeking new markets for their ethanol, and many have reached out to us. 
Ethanol supply agreements are in place for the first facility and in development for future commercial 
facilities. Although ethanol will continue to be used as a gasoline additive, ethanol producers are looking 
for new markets because gasoline demand hit a peak in 2007 and demand is now shrinking; as 
electrification of the light-duty fleet accelerates, ethanol demand will further decrease. The effects of a 
shrinking gasoline demand on the ethanol market were demonstrated in 2020. As gasoline demand fell 
because of COVID, ethanol demand plummeted with it.  

Risk: Reviewers expressed concerns regarding risk. The concerns include that the risk assessment is 
weak, “past success should not be considered justification for a weak risk assessment”; requesting detail 
on how the commercially produced catalyst compares to the lab catalyst; the risk should cover design, 
construction, startup, and operation; and scaling by a million-fold is a significant risk. Along with risk, a 
reviewer asked for more details in the management plan. In response, we note that risks were outlined on 
slides 14 and 21. In Phase 1 CD-3, two independent engineering reports were completed. Both examined 
risk and recommended that the project proceed. Risks on design, construction, startup, and operation 
were assuaged in Phase 1. The design and construction of the SAF facility is being executed with a 
modular approach in which modular units are assembled and tested before delivery and then reassembled 
on-site. Testing the units before shipping and reassembly also reduces startup risk and startup time. 
Permitting risks are minimized by the site location. The site was fully permitted for this type of work 
prior to the project. A finding of no significant impact has been issued by USDA and by DOE, as 
mentioned. Finally, the “six orders of magnitude” objection came from a misinterpretation of slide 20, 
which showed DOE-funded work. Aside from the DOE-funded work, LanzaTech conducted a field 
demonstration equivalent to 50,000 gal/year. The scaled-up catalyst and the process were demonstrated 
during the field demonstration. 
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ADVANCED BIOFUELS AND BIOPRODUCTS WITH 
AMERICAN VALUE-ADDED PULPING 
AVAPCO LLC 

PROJECT DESCRIPTION 
The project Advanced Biofuels and Bioproducts with 
American Value-Added Pulping (AVAP) involves 
upscaling the patented AVAP pretreatment 
technology, coupled with innovative sugar 
fermentation to mixed alcohols, which are then 
converted to full-replacement liquid hydrocarbon 
biofuels at the existing biorefinery site in Thomaston, 
Georgia. The targeted scale is 50 dry tons/day of woody biomass from neighboring sawmill residues and 
harvesting operations. The coproducts include AVAPCO’s revolutionary BioPlus nanocellulose and bio-based 
1,4-butanediol (bio-BDO) with project partner Genomatica.  

In the AVAP fractionation, the process starts with wood chips fed into a continuous digester. The chips are 
impregnated with sulfur-dioxide-ethanol-water liquor and cooked. These conditions dissolve nearly all lignin 
and hemicellulose without creating unwanted side products. The chemicals are recovered via washing and 
stripping, then recycled to the digester, resulting in a hemicellulose sugar stream and a high-purity cellulose 
stream. Part of the clean cellulose is directed to produce nanocellulose. The rest of the cellulose is 
enzymatically saccharified at a low enzyme dose for hydrolysis to C6 sugars, which are one-fermented to bio-
BDO by Genomatica. Genomatica’s direct fermentation to bio-BDO is cost-advantaged over the petrochemical 
route.  

The remaining cellulosic and hemicellulosic sugars are fermented to produce ethanol. The remaining lignin 
and fermentation residuals are burned for process energy. In the hydrocarbon plant, these alcohols are 
converted to full-replacement liquid hydrocarbons using a catalytic synthesis process that produces petroleum 
distillate equivalents with overall LCA reduction greater than 60%. Alcohols are dehydrated over catalyst to 
produce alkenes using technology from project partner Petron Scientech, Inc. Using technology from project 
partner Byogy, the resulting alkenes are then oligomerized to mixed olefins, which are further converted to a 
variety of distilled biofuels, such as jet fuel, diesel, and gasoline. Jet fuel from the pilot plant has undergone 
advanced U.S. Air Force testing for JP-5 and JP-8 grades with the unique ability to vary aromatic content. 
Byogy was a finalist as one of four companies of 90 under the Federal Aviation Administration’s Continuous 
Lower Energy, Emissions, and Noise program, where rigorous engine testing was performed by Rolls Royce 
that demonstrated Byogy’s fuel characteristics provide a premium full-replacement renewable aviation fuel. 
Byogy’s technology is a direct chemically and thermally efficient route to convert ethanol to jet fuel. 

WBS: 3.5.2.405 

Presenter(s): Kim Nelson 

Project Start Date: 04/01/2017 

Planned Project End Date: 03/31/2022 

Total DOE Funding: $8,341,328 
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Photo courtesy of AVAPCO LLC 

COMMENTS 
• Biomass to ethanol and nanocellulose plus ATJ: The ATJ section (Petron for EtE and Byogy) looks to be 

an add-on and a bit of an afterthought in order to fit within the FOA. It is hard to see how they are 
commercially viable. The Byogy “process” is rather undefined and lacks detail and definition. There is 
too much undefined “proprietary” technology. Especially the ATJ side is basically nonexistent. 

• Remarks are based on the slide deck only. Due to extremely low volume and background hum, the audio 
during the presentation was completely unintelligible to me. The BFD shows nanocellulose at roughly 
one-fifth the production of jet fuel. Based on a 2025 market report, demand for nanocellulose will be 
10,000 t/year, which is approximately 50,000 times less than demand for jet fuel. This is the problem 
with specialty lignin products as well. Some of them may very well be valuable enough to enable the 
coproduction of fuels, but the markets are so small that the amounts of fuel produced are trivial. And 
developing many such coproducts will not help. The entire chemicals industry—including high-volume 
commodity chemicals such as ethylene, propylene, and BTX—is only 15% the size of the petroleum 
fuels industry. Specialty products like nanocellulose are much more than an order of magnitude smaller, 
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combined. Ethanol-to-jet via dehydration and synthesis will add too much cost for any mogas/jet-fuel 
price differential to overcome, in any case. 

• This project has the potential to produce a facility that makes a coproduct from cellulose that can 
completely “subsidize” the production of biofuels and help achieve commercial-scale production. It was 
unclear from the presentation at what scale the nanocellulose market will operate in the near and mid-
future, which could significantly limit the amount of fuel that would be produced; although the goal of 
replacing the whole barrel cannot necessarily be met with only a single technology or a single fuel, those 
that are selected for funding at the demonstration scale (and larger) should demonstrate large-scale 
impact in the fuels market. 

• This project is well run and is meeting its objectives on time and on target. It appears, however, that its 
main concern is developing nanocellulose, and this appears to have a higher focus than it should. 
Although coproducts are important and nanocellulose will be used in a method that should impact the 
energy use and hence the GHG emissions from the transportation sector, it is not clear that the team is as 
focused on the codevelopment of biofuels. The team admitted that their product slate will depend on the 
economics, which, of course, is critical in business, but it gave no assurance that biofuels would be any 
part of that. They did state that both nanocellulose and biojet are cost-effective, and it would have been 
good to understand this by providing values or an analysis of the trade-offs. Because too much of the 
focus is on nanocellulose, the approach and impacts are both downgraded. 

• It is unclear if the nanocellulose specification to the wide variety of customers was dictated to the 
offtakers or if different specifications were dictated to AVAPCO. The purity requirements of the final 
products are critical to understand for an evaluation of potential impact and risks. It is not clear if this 
market is looking for a larger quantity of nanocellulose, or a cheaper one to expand the market. The 
management plan is clear and detailed, including the risk and engineering design plans. It is unclear what 
state the catalyst is in or if it has been produced at a larger scale by a toll manufacturer. The project 
claims thousands of hours, but what that actually means in regard to a single formulation is unclear. In 
total, there are a significant number of technology companies coming together at different levels of 
commercialization for this project, which is always risky. Specifications among companies, schedule, 
and budget concerns all become interdependent for the success of one project. The management appears 
to be considering this in their planning. It is not clear how the project intends to grow the market of 
nanocellulose beyond making it available for other companies to purchase and develop for their own 
processes. The demand for nanocellulose appears to be limited but with certain core requirements and 
processing requirements, which AVAPCO claims to have resolved. The IP on this resolution is key to 
maintaining their market advantage and not allowing other companies to saturate this small market with 
their own product. The IP position was not discussed in the presentation. AVAPCO is utilizing a 
commercially sourced and screened yeast for ethanol production. It was not clear whether these 
commercially sourced yeasts are new to the industry or require additional validation on their own, or if 
this project in any way aids their development. At the market prices noted by AVAPCO, the overall 
project would likely benefit economically by focusing their process on nanocellulose in the near term. 
Additionally, ethylene can often be more valuable than jet fuel, which was not discussed in the 
presentation. The demonstration project appears to be geared toward meeting the DOE FOA 
requirements than actual business plans. Lignin is being burned in the current process, which is a good 
way of not making this project more complicated than it already is. The demonstration site could, in the 
future, be used to test out different valorization techniques for the lignin if it is of good quality. 

PI RESPONSE TO REVIEWER COMMENTS 
• There are currently seven technology pathways approved by ASTM for SAF use. The ATJ pathway from 

lignocellulosic sugars to cellulosic ethanol to jet fuel was approved in 2018 after a 16-month certification 
and testing process. Considerable scientific and business development resources have been dedicated to 
this pathway for more than a decade. AVAPCO does not provide nanocellulose to other companies for 
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these companies to develop for their own processes. We partner directly with end-use companies through 
product development partnerships to codevelop nanocellulose-enabled solutions with verified value 
proposition based on both performance and sustainability enhancement. The joint development 
partnerships define the nanocellulose specifications for the best performance for each application 
(particle morphology, surface chemistry, dry or wet form, etc.). AVAPCO’s AVAP process is the only 
nanocellulose process that produces either cellulose nanofibrils or nanocellulose crystals; hydrophobic or 
hydrophilic varieties; and slurry, dry concentrate, or masterbatch form. Different engineered forms are 
used for their unique properties in different applications. Our previous DOE Peer Review focused on the 
jet fuel production process. For this Peer Review, we focused on our recent, exciting developments in the 
nanocellulose dewatering and drying funded portion of the project, including our product launch and 
commercialization efforts for low-rolling-resistance tires. The cellulose intermediate from the AVAP 
process can be spilt across nanocellulose and jet fuel production according to market conditions. In the 
near term (5–10 years), AVAPCO’s BioPlus nanocellulose market size estimate is 53,000 tons/year for 
products currently under development with partners in fields including high-strength and high-barrier 
plastic food packaging, paperboard, tires and rubber goods, and reinforced automotive plastics. The U.S. 
Forest Service estimates the total annual U.S. market potential for nanocellulose to be 6.5 million metric 
tons and 35 million metric tons globally. BETO strongly supports high-value coproduct technical and 
market development initiatives for de-risking and incentivizing biofuels production 
(https://www.energy.gov/eere/bioenergy/bioproduct-production). 

  

https://www.energy.gov/eere/bioenergy/bioproduct-production
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RIALTO ADVANCED PYROLYSIS INTEGRATED 
BIOREFINERY 
Rialto Bioenergy Facility LLC 

This project did not present at the 2021 BETO Peer Review. 

 

COMMENTS 
• This project was not presented. 

• This project declined to provide an update. This is unacceptable. 

• This project failed to show or submit a presentation, and therefore it cannot be adequately reviewed. 

  

WBS: 3.5.2.601 

Presenter(s): Yaniv Scherson 

Project Start Date: 01/15/2017 

Planned Project End Date: 12/31/2021 

Total DOE Funding: $5,390,938 
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OPPORTUNITIES IN BIOJET: BASELINING AND 
EVALUATION  
Sandia National Laboratories 

PROJECT DESCRIPTION 
Demand for liquid aviation fuels is currently 3.6 EJ 
and is projected to double in the next 30 years. In 
ground transportation, fuel use is expected to decline 
due to emerging technologies such as electrification 
or due to engine efficiency improvements; no such 
opportunities exist in aviation, with electrification 
limited to short ranges and limited efficiency 
improvements. There is thus a greater need, and a larger opportunity, to discover and deploy SAF. Barriers to 
deployment of SAFs include: (1) knowledge gaps in structure-function relationships, blending behavior, and 
decision optimization (i.e., identification of the chemical structures and blends that optimize performance); (2) 
high costs associated with producing/deploying new fuels with conversion routes that utilize lower-cost carbon 
sources; and (3) lack of understanding of the value conferred to industry by these SAFs. This project addresses 
aspects of each of these barriers as follows: (1) We developed and deployed predictive tools to identify 
promising SAFs and to optimize blends; (2) we produced promising SAFs from low-cost waste sources (in this 
instance, cycloalkanes and branched alkanes from alcohol intermediates and wet wastes); and (3) we 
conducted fleetwide analyses to understand the cost and emissions benefits to industry.  

 

WBS: 3.7.3.303 

Presenter(s): Anthe George 

Project Start Date: 10/01/2019 

Planned Project End Date: 09/30/2022 

Total DOE Funding: $1,249,747 
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Photo courtesy of Sandia National Laboratories 

COMMENTS 
• This is an excellent project looking at different bio jet fuel options. The project looks at different aspects 

of the fuels and their production, including the targeted molecules and ASTM testing (excellent!). There 
is a limited (too limited, in my opinion) look at the processes and final products (one pathway through 
ethanol, one through fatty acids/ketones). The number and type of scenarios should be increased. 

• The breadth of relationships is impressive, but it is not clear how much communication actually existed 
in terms of time/effort provided by partners. The tool to help determine the fuel properties of a blend 
prior to production or testing appears to be an excellent aid to industry. Although progress was noted in 
the presentation, the overall status of this tool was not made clear, nor how it will be implemented, nor 
its cost to industry. In general, tasks were so grand that the finish line was not made clear, and thus the 
overall status of this project is unclear. Metrics are needed to better evaluate and understand this project. 
This is an important project that could advance the adoptions of bio-derived fuels in aviation. This is a 
logical but complicated plan that is being well managed by the project manager. The project has 
achieved their milestones set out in the project plan to date. 

• The objective of the project is good, but this reviewer found the presentation exceptionally difficult to 
follow. This may just be due to the ambitious nature of the project and its numerous successes, even 
though it is relatively new. The management section was good in that it listed the team and steering 
committee as well as some risks and mitigation strategies; however, it was impossible to understand 
what tasks were being done and what the overall plan was. A very high-level plan was outlined in the 
approach, but the milestones were so high level that they were not very useful. After reviewing the 
presentation several times, it is apparent that the team is making excellent progress toward developing 
screening tools for SAF blends and individual components, as well as identifying potential routes for 
waste to SAF. These tools should prove very useful to industry as well as SAF-focused projects within 
BETO. They have great industry involvement and are already widely disseminating their results. 
Achievement of the overall goals would have a significant impact, and this early-stage project looks 
likely to get there. 

• This is an excellent project that is clearly consulting with industry and developing a useful tool for 
application upon project completion. More information on fuels selection would be helpful, especially 
with regard to source variability and the impact on output from the tool. There is an excellent 
management plan with very good communications with industry, risk analysis, and mitigation, and an 
implementation plan. 
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PI RESPONSE TO REVIEWER COMMENTS 
• We thank the reviewers for their efforts to review our work and for their insightful comments. In general, 

omissions in the presentation were due to the need to capture the work of the six different partners in the 
limited allotted time. We hope our response provides clarification to the key points raised by the 
reviewers as follows. 

With respect to the limited number of pathways being evaluated and the fuel selection: The project is 
attempting to balance the breadth and depth in terms of the number of pathways pursued versus the 
amount of process development and sample analysis on a given pathway. A significant degree of focus 
on a specific pathway is required to produce a sufficient quantity of output for the subsequent ASTM 
testing to be performed, and this limits the number of pathways that can be pursued. We should 
emphasize that the ATJ and volatile-fatty-acid-to-jet chemistries allow for a range of feedstock 
compositions, and the presentation may not have made clear enough that these pathways are not 
restricted to one specific feedstock each. For example, the PNNL process can accept ethanol, wet 
ethanol, higher alcohols (e.g., propanol), acetaldehyde, ethyl acetate, and acetone-butanol-ethanol as 
intermediate feedstock. The intermediate can be individual oxygenate or any combination of the 
mixtures listed. Additionally, the starting feedstock can be MSW, forest and agricultural wastes, 
industrial off-gas, and biogas. Simply any material that can be gasified can be utilized to produce 
ethanol. Similarly, the volatile-fatty-acid-to-jet process can accept a range of inputs, and a significant 
degree of tunability of the outputs can be achieved. Additionally, the team is considering options for 
analyzing other processes as part of the scope of work for the remaining duration of the project. 

With respect to the status of the tools and processes: At present, there are (1) tools in further 
development to focus the compositions of pathways to meet ASTM qualification, (2) pathways under 
development, and (3) methods to quantify the benefit of SAF. (1) Tools to predict properties of SAF 
compositions exist, referred to by the Commercial Aviation Alternative Fuels Initiative as prescreening; 
however, much improvement can be made. Properties with significant variance by hydrocarbon class and 
carbon number are particularly difficult to predict, although tools do exist to produce predictions with 
their associated uncertainty quantification. The University of Dayton and Sandia National Laboratories 
are working to develop higher-fidelity prescreening tools. The reason is that SAF candidate evaluation 
requires substantially higher fuel volumes than typically can be produced in labs, meaning predictive 
methods with low-volume testing are critical to low TRL. (2) Georgia Institute of Technology is working 
to quantify the higher energy content of SAFs as they deploy. They take the Pareto fronts for drop-in 
fuels and propagate those properties to expected benefits in the reduction of fuel burn and increased 
payload. (3) Los Alamos National Laboratory, PNNL, and NREL are working toward developing SAF 
technologies. Fuels developed at these labs are sent to Los Alamos National Laboratory and the 
University of Dayton for prescreening to align compositions and properties to ASTM expectations.  

With respect to clarity around the interaction among partners: Through the monthly meetings and other 
channels of communication, the project partners share a great deal of information and coordinate 
activities as appropriate. This communication keeps the partners performing modeling aware of which 
species and properties are most important to model, and measurements that are being made are fed back 
to the process developers and modelers for improvement. The process of feeding back information 
within the project has led to important developments in how to best approach the development of new 
aviation fuels and how to characterize and model them to facilitate the rapid certification of new SAFs. 
At subsequent Peer Reviews, we shall focus on more clearly articulating information flow. 
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SWIRL STOVE: SWIRLING COMBUSTION FOR EFFICIENT 
WOOD BURNING 
MF Fire, Inc. 

PROJECT DESCRIPTION 
This proposal addresses the large problem of 
particulate emissions for woodstoves through the use 
of swirling combustion. Emissions from woodstoves 
are a result of incomplete combustion. Gaseous 
hydrocarbons released by the wood fuel fail to be 
fully oxidized, resulting in the emissions of CO, 
unburned hydrocarbons, and particulate matter. This 
incomplete combustion is largely a localized phenomenon resulting from inadequate mixing of the fuel gas and 
oxidizer (air). Swirling combustion is used for mixing combustion air with fuel gasification products to 
achieve a more complete burn, thereby reducing emissions and increasing efficiency. Never successfully 
accomplished in wood-burning stoves, this novel innovation involves the swirling of inlet air as described in 
MF Fire’s patent application, US 2018 / 0051886 A11. 

 

WBS: 5.5.1.101 

Presenter(s): Paul LaPorte 

Project Start Date: 10/01/2019 

Planned Project End Date: 04/30/2022 

Total DOE Funding: $1,249,747 
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Photo courtesy of MF Fire, Inc. 

COMMENTS 
• This project focuses on the development of swirl combustion woodstoves for home use. Besides the 

large question of the appropriateness of combusting biomass for heat, the proposed technology looks to 
compete with catalytic solutions requiring the use of rare earth metals. There are some questions on 
focusing on project management versus also looking at CO in the exhaust. It is unclear how the 
developed CFD models are validated. 

• At nearly 50% costed, the progress does not appear to be very good. The entire presentation contained no 
quantitative information; there is only one slide with some diagrams, apparently from CFD modeling, 
showing various swirl patterns. It is unclear what, if any, progress has been made toward actual success. 
The apparent price point of the types of stoves that might be built with this new information is beyond a 
great many homeowners, especially (I believe) those most likely to do a great deal of home heating with 
their stove. Also, some of the air quality concerns are likely (and in my experience) a result mostly of 
fireplaces, not woodstoves. Certainly, stoves play a role, but they could be substantially advanced in 
many areas without having much salutary effect on winter air quality. Safety concerns with 
primary/secondary air in a home stove without active monitoring and control were not adequately 
addressed. 

• Safety appears to have been considered for this customer-facing product through adherence to existing 
standards. Although wood burning is a luxury in some areas of this country, the extent of particulate 
matter (PM) 2.5 emissions is still an important aspect to study and work on. “Wood” would appear to be 
specifically pellets because this system would require a feed-metering system, which are common in 
pellet stoves. It is not clear what the growth of wood-burning stoves is in the United States or how wood-
burning stoves could be exempted from new rules being enacted with such items. The project cannot yet 
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sustain the swirl combustion (definition of sustain), without which the project cannot proceed. It is not 
clear how close this project is to project prototyping or if the prototyping is not dependent on unknowns 
in the design at this stage. It is not clear why formal prototypes are in development if the swirl cannot yet 
be sustained. An overall project plan would have been helpful to understand the status of this project. 
Prototypes are being built, the theory is still being studied, and the validation plan is unclear. The project 
appears to be well aware of the risks involved and is trying to overcome them. I cannot fault the team for 
the difficult technical hurdles to overcome. Bravo for continued effort. 

• The project is well managed and run and is a great example of a project with specific, realistic goals that 
could have immediate real-world impact. The only things that can be improved would be to better 
outline how the project is managed, including risks and mitigation strategies, and to see if you could 
improve on the solids combustion portion of the modeling. 

• This is a good project, but it is lacking in detail for project management and implementation. There is no 
risk assessment and mitigation plan, nor communication with external partners that may be able to help 
with the complex modeling required. The impact appears limited because the final product will be 
beyond the budget of most people who use woodstoves for heat. Also, that group represents less than 2% 
of U.S. households (census.gov). 

PI RESPONSE TO REVIEWER COMMENTS 
• I thank the reviewers for their questions. I have organized the questions and answers into a single 

section, largely in order of the reviewers’ questions.  

Fuel source: The swirl stove uses standard cord wood for fuel, not pellet fuel.  

Market size, growth, and trends: Woodstove use has been essentially consistent for many years, with 
250,000 new stoves sold every year and 12% of U.S. households using a woodstove (2% for primary 
heat, 10% as a secondary heat source). States located in the Northeast have experienced substantial 
growth during the last two U.S. censuses, whereas other parts of the United States remain flat or slightly 
in decline.  

Woodstoves and regulations: All woodstoves are regulated by the EPA. The swirl stove would also be 
regulated by the EPA under the same regulations.  

Prototyping and definition: The questions around our initial prototype appear to be about the lack of a 
common definition. The dictionary definition and what we consider a prototype is a first full-scale model 
or functional form of a new type—in this case, a unit used to test various configurations following 
successful completion of CFD modeling.  

Project plan: A full project plan was submitted as part of the original application and is used to monitor 
progress in conjunction with our DOE project managers.  

Project status: The project is on target according to our project Gantt chart and SOPO. The project has 
met all milestones to date.  

Particulate matter versus CO focus: The BETO FOA objectives are tied to the reduction in particulate 
matter, not CO. This project looks to help with both, but our main success metric is reduction of PM2.5.  

CFD model validation and expert partner: CFD modeling is a well-known method for modeling complex 
systems. Cord wood combustion is a chaotic, constantly changing system—every burn is different. 
Modeling wood combustion using CFD is new. To achieve the best results, MF Fire defined the scope of 
the modeling to be performed and enlisted the consulting and CFD engineering assistance from a well-
known CFD services organization. MF Fire provided the domain expertise for combustion science that 
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fed into the CFD modeling provided by the outside firm to develop SOA combustion modeling for 
swirling combustion conditions.  

Risks and mitigation strategies: A risk assessment and mitigation plan was submitted as part of the 
original application and is a required component that was evaluated prior to the project award. Little time 
was spent on reviewing this during the presentation because we focused on discussing the technical 
approaches, outcomes, and progress thus far.  

Project expenditures: A reviewer was concerned with spending to date. The project is on schedule with 
our published SOPO milestones and project timeline yet 15% under budget.  

Quantitative information and results: The project progress and testing produces extremely large 3D data 
sets that vary over time. The best way to share results is visually. Given the nature of this year’s virtual 
reviews and bandwidth limitations, it was not practical to share time-series models of the results. The 
team selected images that best illustrate the key phenomena and results from our project thus far.  

Price: The commercial price of the resulting product is expected to be consistent with the price of a low- 
to mid-tier-priced modern woodstove, but with superior emissions and efficiency.  

Fireplaces are a bigger problem: Fireplaces were not a focus of this DOE BETO FOA. Woodstoves were 
the target and what this project was conceived around.  

Safety concerns with primary and secondary air monitoring and control: Primary and secondary air inlets 
for any stove allow air to flow into a stove design, not out. All exhaust gases exit the stove via a venting 
system and are released into the air according to well-established codes. This stove is no different with 
respect to air control. Generally, inlet air may be passive or active (forced air). MF Fire is well 
experienced in both and is considered an expert in the field of woodstove design, having successfully 
designed several stoves certified by the EPA and UL testing labs using both passive and forced air 
designs. Part of this project is to determine which approach (passive versus active) and in what ratio 
(primary versus secondary) air needs to exist to create a sustainable swirling combustion, and if multiple 
configurations are viable, which is most viable for the commercial market, mostly in terms of cost. 
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FIRE MAPS 
MF Fire, Inc. 

PROJECT DESCRIPTION 
The Fire Monitoring, Alerts, and Performance 
System (MAPS) solves the large-scale problem of 
user-contributed emissions for woodstoves. MF Fire 
proposes to create a unique, commercially viable 
technology for woodstoves, called Fire MAPS. Fire 
MAPS continuously monitors the performance of key 
combustion indicators in the woodstove and delivers 
real-time user guidance and burn status to the user. In turn, the user interactively learns how to properly control 
the woodstove throughout the life cycle of a fire. Stove users, equipped with timely guidance based on real 
stove performance data, can optimally operate the woodstove as it was intended, thus resulting in lower 
emissions and increased efficiency. Based on user-contributed emissions research, we anticipate a 5–8-
gram/hour reduction of real-world emissions per stove, a far greater reduction than can be achieved by stove 
design improvements of new woodstoves. 

 

WBS: 5.5.1.103 

Presenter(s): Paul LaPorte 

Project Start Date: 10/01/2019 

Planned Project End Date: 07/31/2022 

Total DOE Funding: $1,245,144 
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Photo courtesy of MF Fire, Inc. 

COMMENTS 
• The project is looking to avoid user error and underperformance for household woodstoves via sensors 

and phone applications. Besides the large question of the appropriateness of combusting biomass for 
heat, it is unclear at this size and ability whether it will penetrate the target market. The proposed 
approach relies on advice to the user from passive sensor and data analysis from cloud-based models. It 
is quite unclear on the impact, even with technical success. 

• Twelve million woodstoves, many of which are only part-time/backup, is not a large market segment. 
The goal of achieving what is possible with the current technology (i.e., match the lab-tested 
performance) is laudable, but there are several obstacles. People need to care enough to make the 
necessary adjustments, and it needs to be easy enough for them to make them. Also, the value of a phone 
application versus an on-stove system with audible alarms is debatable. At the very least, there should be 
both. There are concerns about the Internet of Things with regard to privacy and security. A device that 
could, in the worst case, cause a fire or a CO poisoning event would seem to be especially sensitive. A 
hacked application could potentially ignore hazardous conditions or even actively advise users to create 
such conditions. It is unclear if the tests were on a randomized, “blinded” sample. If not, the results as 
applied to the public could be very different. 

• On the surface, this project appears poised to have a significant impact; however, there is not a clear 
quantification of the market; no clear path to significant impact; zero risk mitigation (communicated); 
and with all Internet of Things applications, there is a significant privacy risk that may prevent end-user 
application. 

• The product development strategy of the user interface was noted to be in development—with its 
associated wire frame, clickable prototype, surveys conducted, contextual interviews, etc. The plan has 
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an alpha and beta validation plan that is a future part of this project. The overall validation plan would 
have been helpful to add to the presentation. The selling point to customers was not made clear, nor was 
the price point. If the selling point is purely about being “greener,” the user interface needs to better 
reflect that message, similar to a Nest thermostat. The dependence of the product on the technical setup 
of the unit was not clear. It seems this setup would be required to be preinstalled and could not be sold 
easily as an aftermarket product. The application of this product could be expanded to pellet stoves and 
grills. The project has identified the root cause of higher emissions than tested in labs—human 
interaction—and this product, if utilized, could reduce that difference. The project has not identified how 
to influence users to utilize the product, even if offered. The project appears to have a working prototype 
of a unit, but the overall product development schedule is significantly longer than normally required. 
Significant effort is still needed to bring the product to market. The overall status of the project 
compared to the plan was not provided. 

• This is a very well-thought-out plan and with significant achievable goals that are being evaluated in 
real-world situations with industry. The real-world data will be especially useful, and it is great that it 
will be broadly shared. Learnings from the process of obtaining, integrating, and interpreting consumer 
data could be useful in other areas of the program. The management plan with risk mitigation should be 
outlined better. 

PI RESPONSE TO REVIEWER COMMENTS 
• I thank the reviewers for their questions. I have organized the questions and answers into a single 

section, largely in order of the reviewers questions.  

Price: The target retail price is estimated at $149. 

Customer value proposition: The value propositions for consumers are: (1) lower fuel costs with a sub-
year ROI; (2) less work chopping, stacking, and moving wood into the home, especially during winter; 
and (3) for those who value it, improved environmental impact or their own air quality. For air quality 
groups and government organizations, the value propositions are: (1) reduced emissions, especially 
PM2.5, in areas with high concentrations of woodstove users or in areas with inversion problems; and (2) 
achieving program goals.  

Technical setup: Fire MAPS is extremely simple to set up and use. It requires no specific knowledge or 
tools and takes uses less than 10 minutes to set up.  

Target use case: Fire MAPS is specifically designed and implemented as an aftermarket product, 
although can be used in conjunction with a new stove as well. The problems we seek to solve are the 
user-contributed emissions from existing woodstove use in the 100 million existing woodstoves. Only 
3%–5% of stoves are replaced every year, making it essential to solve emissions issues in the installed 
base.  

Influencing user behavior: Influencing user behavior is a key to overall success beyond the technical 
capabilities of the solution to monitor and provide accurate guidance. Gamification techniques will be 
incorporated into the application experience and used to aid user adoption. By helping users get engaged 
and leverage competitive behavior, we can increase the level of participation, directly leading to greater 
program success and reduced emissions. Example techniques—such as those in review and travel sites 
such as Tripadvisor and Yelp—will be leveraged, such that participation or adherence to guidance leads 
to success badges and other emotional reward. Users will see messaging, such as their fuel cost savings 
and number of trips saved to get more wood; fun, informative, and motivating performance and 
improvement comparisons to other users and groups; and demonstrated benefits to environment.  

  



2021 PROJECT PEER REVIEW 

 

1320 SYSTEMS DEVELOPMENT AND INTEGRATION 

Development schedule/overall status compared to plan: MF Fire remains on schedule as agreed upon in 
our project application, despite a year filled with challenging events that have derailed many other 
projects. MF Fire has successfully met all major milestones and passed all our go/no-go review 
checkpoints. The project is on track.  

Market size: The total addressable market size is 100 million installed woodstoves, primarily in Europe 
and North America. The segmentation of this market can be seen in the article “Mapping the 
Performance of Wood-Burning Stoves by Installations Worldwide” by Ricardo L. Carvalho, using 
extensive data sets from the World Health Organization, available from the publisher Elsevier. The U.S. 
component of the overall market is 12 million installed woodstoves, which contribute 40% of all PM2.5 
in the United States (cars contribute most of the rest)—the magnitude of the Fire MAPS potential impact 
is vast.  

Ability to penetrate market and make impact: The proposed price point for this product falls in line with 
those of smart thermostats for use with other home heating, ventilating, and air-conditioning solutions. 
Adoption rates in that market provide an idea of potential adoption rates and challenges. The potential of 
the product to make a material difference in PM2.5 and other pollutants make Fire MAPS a candidate for 
various subsidies, further accelerating adoption. Up to 34% of total U.S. PM2.5 output comes from 
woodstove users operating stoves improperly or suboptimally. This user-contributed pollution is the 
single largest user-controllable source of PM2.5 in the country, one that Fire MAPS has the potential to 
eradicate. Even fractional adoption moves the needle, and we believe Fire MAPS can be widely adopted.  

Real-world data and use: Fire MAPS represents a new, untapped source of data about woodstove burning 
habits. The data set will be unique and more comprehensive than any available in public or private. The 
existence of these data will provide government and academic researchers with unparalleled insights into 
how to improve outcomes, guide program dollars, or foster legislative activities.  

Risk mitigation: We have completed substantial risk mitigation prior to and during the project, including 
the development of device security and privacy plans, third-party lab testing, phased rollout through two 
different test groups, and 6 years of operational performance of a similar digital system that monitors and 
automates stove operations without incident.  

Ease of use/access: A reviewer commented about whether our use of a phone application versus an on-
stove audible system is preferable, suggesting both at a minimum. This is a good observation, and 
although it is not covered in the review, it is a proposed component of the go-to-market planning. For the 
project, our focus was on a phone application to deliver the guidance and alerts because it provides 
guidance while the user is away from the line of sight or hearing of a stove-based notifier. The phone 
screen also provides for a richer user experience and can provide the gamification elements that likely 
would be absent from a simplified audible system. We are evaluating sound and light-emitting diode 
indicators for stove users who are not interested in using a phone or who live in an off-the-grid or no-
cell-service area.  

Security and privacy concerns: All Internet of Things devices must adequately address security concerns. 
Connected tools—such as Internet of Things devices, cell phones, computers, home security systems, or 
connected medical devices—must identify threat vectors specific to potential use cases and account for 
them as part of a security protocol. As part of our project application and verification process, we 
developed and provided a security and privacy plan. Our team’s domain experience with online and 
cloud security helped us address this and plan for potential threats and concerns. We do not plan on Fire 
MAPS collecting or using personally identifiable information, but rather information about the frequency 
of use and types of stove-specific behavior that will allow us to steer a user to better operational habits. 
All information we are collecting falls outside of the definition of personally identifiable information and 
cannot readily be used to determine a person’s identity. Fire MAPS provides access to real-time fire state 
information for users, which our solution uses to deliver guidance. Fire MAPS does not operate or 
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automate the stove—a person continues to control the stove. Operational guidance is consistent with best 
practices in woodstove operation. We help a woodstove operator be more precise and timely with actions 
that have beneficial results. As with many guidance delivery systems, the user is ultimately responsible 
for basic operational knowledge. Fire MAPS is not intended to teach a novice user how to use a 
woodstove; rather, it will be clearly marketed as a decision aid to provide users with additional 
information to which they currently do not have access. 
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ADVANCING WOOD HEATER EVALUATION METHODOLOGY 
FOR ACCELERATING INNOVATION 
Brookhaven National Laboratory 

 

  

Photo courtesy of Brookhaven National Laboratory 

WBS: 5.5.1.105 

Presenter(s): Tom Butcher 

Project Start Date: 09/30/2019 

Planned Project End Date: 09/29/2022 

Total DOE Funding: $360,000 
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COMMENTS 
• This is an interesting project on low-cost methodologies to test woodstoves in their development. 

Higher-level analysis on the resource effects of using woody biomass for residential heat is needed from 
BETO. More context on drivers for testing (policy?) are needed. 

• This is an interesting project, but the presentation does not clearly answer who will benefit the most: Is 
this guidance for an external/third-party lab? Is this a roadmap for industry to do their own (preliminary) 
tests? It seems to be more about accelerating preliminary testing for new wood heater designs than 
directly impacting BETO’s goals. 

• Great job obtaining multiple industry representatives in this work. The project recognized the inherent 
need to get buy-in for what they are proposing so that the goal of increased innovation can be realized in 
industry. The project is addressing a first-principles-based problem that innovation is lacking (in part) 
due to the expense of testing required for said innovation. Remove the barrier. Great approach. Although 
particulate matter emissions reduction is not the direct goal of BETO, it still fits within the overall 
mission to replace oil and gas with cleaner energy sources. Woodstoves may become banned if 
particulate matter emissions cannot be reduced. The result of such a ban would be more oil and gas 
furnaces. The overall state of development was not made clear in the presentation. It is unclear if the 
group is actively presenting work and working with ASTM and other groups. It is unclear how many 
innovations have been stalled by the cost of testing or how many are underway. Really, no examples are 
provided that demonstrate the hurdle discussed as the issue. The typical cost of ASTM testing ($25,000 
is noted, but how many are typically required per invention?) was unclear in its typical total cost 
compared to the overall cost of development for these innovations. Additional focus would be beneficial 
to highlight the impact. 

• The project has a very good overall objective. The impact of this work is difficult to assess because 
although it is noted that certification tests are expensive and time-consuming, there is no documentation 
of the impact of this—e.g., cost, number of new stoves that do not come to market due to difficulty. This 
information would help underscore the impact of this work. The management plan should also be better 
developed. The risks shown appear to be the reasons for the work, not the risks in the work being 
performed. It would also have been good to see more of the overall project plan. The team has made 
good progress, but the information from the working group will be critical to ensuring that the path and 
results are on target. It seems that an online workshop could be held prior to the end of 2021, and I 
would ask the team to consider moving this forward as far as possible. 

• This presentation had the worst audio quality of the entire Peer Review. It was unintelligible, so my 
review had to be completed from the slide deck alone. Was the audio reviewed in advance of the 
meeting? The management plan is superficial. Where is ASTM involvement? There should be 
consultation/review at least, even if not active collaboration. It is unclear how the air quality issues 
depend on woodstoves versus ordinary fireplaces. In my experience, the latter are often more of the 
problem, in which case addressing the former may have limited benefits. It was hard to assess, especially 
with the garbled audio, exactly how much progress had been made. The only actual data presented (slide 
13) appear to come from a 2017 publication. 

PI RESPONSE TO REVIEWER COMMENTS 
• On behalf of the entire project team, we thank the reviewers for their efforts and many helpful 

comments. Several comments addressed the development process in industry and the impact our work 
could have on that development. In the United States, a few manufacturers are relatively large, but most 
are small. Until recently, the development of new products has been influenced by an approach that it is 
at least as much art as science, and the industry has not, for many years, faced strong regulatory 
challenges to produce low-emissions products. In relatively recent changes, however, the industry now 
faces new challenges because the EPA has recently set new emissions limits on products while also 
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expanding emissions limits into classes of biomass-burning appliances that have not been regulated in 
the past. Further, states increasingly recognize that direct biomass thermal systems contribute strongly to 
their failure to meet ambient air quality standards. States also recognize that current emissions testing 
methods are not leading to the differentiation of products that are always actually cleaner. There is 
presently considerable pressure for new test methods that are more representative of how these stoves, 
furnaces, and boilers are actually used in the field. As pointed out by the reviewers, unless manufacturers 
begin to offer cleaner products, an expansion of current regulations that ban or limit the use of these 
systems is likely to occur. Also, European manufacturers, which have faced low-emissions limits for a 
longer time, have developed new products that can perform better than traditional U.S.-made products, 
and this presents somewhat of a competitive challenge. In response to all these challenges, U.S. 
manufacturers will need to improve their understanding of how to economically burn these fuels with 
lower emissions. Part of this will be more research on combustion processes, and the DOE BETO FOA 
process for wood heater innovation is helping manufacturers partner with universities and other groups 
not traditionally engaged to develop new technologies. The new measurement tools being developed in 
this project complement the FOA and will help all manufacturers involved with biomass thermal heaters 
better understand the impact of their innovation concepts on emissions and on potential scores in both 
existing and emerging test methods. This will reduce the cost and accelerate the pace of innovation. As 
noted by the reviewers, the project team is deliberately engaged with industry to ensure that this work 
will provide the support that they need, and in a manner suitable for their use. One reviewer suggested 
that an industry workshop be held in 2021, even if virtually, and we are planning to move forward with 
this excellent suggestion. Another comment suggested we work with ASTM. This organization develops 
formal certification test methods. Although it is the case that we are using some of these methods in our 
own work, and that we have collaborated in the past with ASTM on test methods, we have made the 
conscious decision to avoid direct involvement in the formal certification test method process because 
this is really an area the EPA oversees. This is an area that is now in transition, and we realize that our 
tools must be flexible enough to work with essentially any test method. Finally, we would like to 
strongly apologize to the reviewer who had problems with the audio on our presentation. We understand 
this is annoying and makes it very difficult to follow the subject being presented. These types of 
prerecorded presentations are being used increasingly at virtual conferences, and we will strive to 
minimize such issues in the future. 
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