e h B . Office of ENERGY EFFICIENCY
ENERGY & RENEWABLE ENERGY

2019 peer ReviEw

U.S. DEPARTMENT OF ENERGY
BIOENERGY TECHNOLOGIES OFFICE




This page is intentionally left blank.




2019 PROJECT PEER REVIEW

INTRODUCTORY LETTER

Dear Colleagues,

In the spring and summer of 2019, the U.S. Department of Energy's (DOE's) Office of Energy Efficiency and
Renewable Energy’s (EERE’s) Bioenergy Technologies Office (BETO) continued its long-standing
commitment to transparency by implementing the ninth 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 from the peer
review process are used to inform programmatic decision-making; enhance active project management; and
modify, expand, or discontinue existing projects.

This review process is critical to the success of our mission: to develop technologies that convert domestic
biomass and waste resources into fuels, products, and power; to enable economic growth and innovation in
affordable energy and chemicals production; and to support the growth of the domestic bioeconomy. The 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 an
advanced bioeconomy.

The 2019 Peer Review comprised three levels of review: (1) individual projects were scored on the basis of
technical approach, relevance, progress, and future direction; (2) each technology area portfolio was evaluated
for overall potential impact, innovation, synergies, focus, appropriate level in technology development
pipeline, and recommendations; and (3) the structure and overall strategic direction of BETO was reviewed by
an external steering committee. This report contains the results of each level of review and the inputs of
approximately 400 participants in the peer review process, including principal investigators, reviewers,
steering committee members, and BETO’s staff and contractors.

BETO thanks all the reviewers and members of the steering committee who participated in this review, as well
as the nearly 600 attendees of the Project Peer Review in March 2019. BETO appreciates the valuable insights
and contributions provided throughout the peer review process. 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.

Jonathan L. Male

Director, Bioenergy Technologies Office

Office of Energy Efficiency and Renewable Energy
U.S. Department of Energy
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EXECUTIVE SUMMARY

BETO manages a diverse portfolio of technologies covering the full spectrum of bioenergy production, from
the feedstock source to end use, as illustrated in Figure 1. BETO systematically prioritizes research and
development (R&D) into technology opportunities across a range of emerging scientific breakthroughs and
technology-readiness levels. This approach supports a diverse R&D portfolio while developing the most
promising and widely applicable technologies, testing technologies as integrated processes, and verifying
integrated processes at the engineering scale. These technologies will use a broad variety of currently
underused domestic biomass and waste resources to produce increasing volumes of biofuels, bioproducts, and
biopower.

FEEDSTOCK SUPPLY BIOMASS CONVERSION BIOENERGY DISTRIBUTION BICENERGY END USE

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. BETO completed these reviews in 2019. This report includes the results
of both the Project Peer Review meeting held in March 2019 and the Program Management Review meeting
held in July 2019.
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ACRONYMS AND ABBREVIATIONS
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Affordable and Sustainable Energy Crops
Allegheny Science & Technology

Algae Technology Educational Consortium
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Algae Test Bed Public-Private Partnership
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Available Water Remaining for the United States
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Bioenergy Technologies Office
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biomass supply chain risk
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Bioproduct Transition Dynamics
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California Polytechnic State University
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capital expenditure
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Consortium for Computational Physics and Chemistry
computational fluid dynamics
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Chemical Catalysis for Bioenergy Consortium
carbon dioxide

Carbon Offsetting and Reduction Scheme for International Aviation
cooperative research-and-development agreement
Clustered Regularly Interspaced Short Palindromic Repeats
cubical triaxial tester

Design-Build-Test-Learn

discrete element method

directed funding award

directed funding opportunity

Distributed Hydrology Soil Vegetation Model
dissolved inorganic carbon

Development of Integrated Screening, Cultivar Optimization, and Verification
Research

deacetylation and mechanical refining

U.S. Department of Defense

U.S. Department of Energy

dissolved organic matter

Office of Energy Efficiency and Renewable Energy
Energy Independence and Security Act of 2007
Ecosystem Management Decision Support
engineering of catalyst scale-up

U.S. Environmental Protection Agency

electric vehicle

fluid catalytic cracking

Feedstock-Conversion Interface Consortium

Fuel Cell Technologies Office

finite element method

funding opportunity announcement

fats, oils, grease

Feedstock Production Emissions to Air Model
Feedstock Supply and Logistics

Fiscal Year

Global Algae Innovations, Inc.

Green Aviation Research and Development Network
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International Energy Agency
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MYP Multi-Year Plan

NAABB National Alliance for Advanced Biofuels and Bioproducts
NEPA National Environmental Policy Act

NIR near-infrared

NREL National Renewable Energy Laboratory
OEM original equipment manufacturer
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ORNL Oak Ridge National Laboratory

OSU The Ohio State University
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PABP performance-advantaged bioproducts
PACE Producing Algae for Coproducts and Energy
PBR photobioreactor
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PDU Process Development Unit

PI principal investigator

PNNL Pacific Northwest National Laboratory
R&D research and development
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RAFT Regional Algal Feedstock Testbed
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RFS renewable fuels standard

RRB Red Rock Biofuels

RUSLE2 Revised Universal Soil Loss Equation 2
SAF sustainable aviation fuel
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Vii ACRONYMS AND ABBREVIATIONS



2019 PROJECT PEER REVIEW

SNL Sandia National Laboratories

SNRK sucrose nonfermenting-related kinase

SOFAST Streamlined Optimization of Filamentous Arthrospira/Spirulina Traits
SOPO statement of project objectives

SOT state of technology

SRWC short-rotation woody crop

STEM Stochastic Techno-Economic Model

SWAT Soil and Water Assessment Tool

TABB Targeted Algal Biofuels and Bioproducts
TCPDU Thermal and Catalytic Process Development Unit
TEA techno-economic analysis

TEG thermoelectric generator

TERA Toxic Substance Control Act Environmenmental Release Application
TRI ThermoChem Recovery International, Inc.

TRL technology readiness level

TSF three-stone fire

UAV unmanned aerial vehicle

USDA U.S. Department of Agriculture

USEEIO U.S. Environmentally Extended Input-Output
USFS U.S. Forest Service

usv unmanned service vehicle

VFA volatile fatty acids

WATER Water Analysis Tool for Energy Resources

WBS Work Breakdown Structure

WDL White Dog Labs Inc.
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INTRODUCTION

BETO research strategy is captured in two documents: the Strategic Plan for a Thriving and Sustainable
Bioeconomy (Strategic Plan) and the BETO Multi-Year Plan (MYP). The Strategic Plan was released in 2016.
The MYP was last published in 2016; it was recently updated and will be released again soon. Both documents
can be found on the BETO website and are referenced throughout this report. The following section
summarizes the Strategic Plan and MYP and introduces the vision, mission, goals, and structure of BETO.
This is followed by an overview of the peer review process and format of this report.

STRATEGIC PLAN OVERVIEW

In 2016, BETO published the Strategic Plan reflecting the transformation and the advancements made in the
bioenergy industry since the 1990s. This plan expanded BETO’s mission beyond the cellulosic ethanol market
to include renewable drop-in fuels (including diesel and jet fuels), bio-based chemicals, and bioproducts. The
new strategy also emphasized the need to address environmental concerns associated with increased
agricultural demand, including water and soil quality. The Strategic Plan was intended as an operational guide
for managing and coordinating activities among technology areas. The Strategic Plan is BETO’s blueprint to
tackling the challenges and opportunities associated with building a sustainable U.S. bioeconomy. Although
the BETO vision is set for 2040, it is important that processes are in place to verify progress, understand
competing technologies, and periodically revisit the strategy.

BETO’s Strategic Plan encompasses programmatic-level guidance and sets the foundation as the driver for the
MY Ps, annual operating plans (AOPs), and technology road maps. The MYP identifies R&D pathways and
performance goals for the next 5 years and outlines how BETO plans to meet its mission and vision. AOPs are
prepared and reviewed annually prior to each fiscal year for all programs within DOE's EERE. National
laboratory AOPs and the project management plans from competitive funding opportunity announcements
(FOAs) describe implementation plans to achieve strategic and performance goals.

The main components of BETO’s Strategic Plan include key opportunity areas, a strategic goal for each key
opportunity area, and strategies for accomplishing each strategic goal. These components are intended as
crosscutting programmatic-level guidance and should be used to determine how to adapt and align BETO
activities and project portfolios to best meet its objectives and carry out its mission in a continually changing
environment.

Figure 2 summarizes BETO’s Strategic Plan. Key opportunities reflect the best paths available to support
BETO’s mission, and each opportunity is aligned with a strategic goal that will be achieved by implementing a
range of strategies. Progress on these activities will be measured against success indicators or milestones.

BETO conducts early-stage R&D and experimental development activities through an integrated supply chain
approach addressing supply (feedstocks), conversion, distribution, and end use. Several activities underscore
the R&D conducted by BETO—such as sustainability and strategic analysis—that enable the development and
dissemination of knowledge and tools related to the economic, environmental, and social dimensions of
advanced bioenergy.

Although cellulosic biofuel production is the primary focus, BETO supports the production of chemical
intermediates that are traditionally petroleum-derived but can be coproduced from biomass. These
intermediates are converted into high-value bioproducts, including bioplastics, bio-based chemicals, lubricants,
solvents, cosmetics, and food ingredients, such as algal oil—all of which have places in future commercial
markets. These also seek to maximize the value of fuels and coproducts produced within an integrated
biorefinery based on this successful model in petroleum refineries.

BETO’s Strategic Plan is aligned with the goals of the Biomass Research and Development (BR&D) Board’s
Bioeconomy Initiative. In March 2019, the BR&D Board released The Bioeconomy Initiative: Implementation
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Framework, which lays out the key technical challenges that the BR&D Board member agencies will work to
address to unlock the full potential of the U.S. bioeconomy.

DOE Mission
Enhance U.S. security and economic growth through transformative science, technology innovation, and
market solutions to meet our energy, nuclear security, and environmental challenges.

EERE Vision
A strong and prosperous America powered by clean, affordable, and secure energy.

Relevant EERE Strategic Goals
Accelerate the development and adoption of sustainable transportation technologies.
Stimulate the growth of a thriving domestic clean energy manufacturing industry.
Lead efforts to improve federal sustainability and implementation of clean energy solutions.

BETO Vision 2040
A thriving and sustainable bioeconomy fueled by innovative technologies.

BETO Mission
Developing and demonstrating transformative and revolutionary sustainable bioenergy technologies for a
prosperous nation.

Key Opportunity Areas

(BETO Program Areas) Strategic Goals

.
.
.

Enhancing Bioenergy Value Proposition \/\ Develop a_nd dem(_)nstrate ipnovative and intggrated
- value chains for biofuels, bioproducts, and biopower that
- can respond with agility to market factors while providing
Thermochemical Conversion R&D v economic, environmental, and societal benefits.
Biochemical Conversion R&D
Waste-to-Energy N
Mobilizing Our Nation’s \\\ Reduce delivered cost and risks associated with
Biomass Resources // feedstock quality and volume to accelerate widespread
. commercialization of sustainable biomass supply
Feedstock Supply and Logistics " chains for a broad range of markets.
Feedstock-Conversion Interface Consortium
Advanced Algal Systems I
Cultivating End-Use “\} Meet early-adoption market demands and catalyze new
Markets and Customers - markets that support sustainable, affordable living.
Advanced Development and Optimization
= Co-Optimization of Fuels and Engines
+ Analysis and Sustainability R
h g Grow an informed community of public and private
Expanding Stakeholder Engagement . | stakeholders that understands and contributes to an
and Collaboration e enduring, sustainable bioeconomy, while appreciating
= its challenges and benefits.

Strategic Communication and Stakeholder
Engagement

Figure 2. BETO Strategic Plan summary and program areas crosswalk.

MULTI-YEAR PLAN OVERVIEW

The MYP, which is updated periodically, sets forth the goals and structure of BETO and identifies the R&D,
process development, and crosscutting goals and activities that BETO will focus on through the year 2030. The
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MYP describes how these activities will contribute to U.S. energy supplies, create domestic jobs to support the
growth of the domestic bioeconomy, secure the nation’s global leadership in bioenergy and clean energy
technologies, and enhance U.S. energy security. The MYP is intended as an operational guide to help BETO
manage and coordinate its activities as well as a resource to communicate its mission, goals, plans, and
priorities to stakeholders and the public.

BETO manages a diverse portfolio of technologies covering the full spectrum of bioenergy production, from
the feedstock source to end use. The MYP identifies technical, process, and scale-up challenges, barriers, and
uncertainties to be addressed for each program area as well as those that cross the entire supply chain. BETO
R&D activities focus on high-impact technologies that are applicable across multiple technology pathways and
products.

Figure 3 shows how BETO’s program areas align with supply chain elements, with major emphases on
feedstock supply, the conversion of biomass- and waste-derived feedstocks, and how crosscutting programs
support all areas. Key components of the portfolio include:

o R&D of feedstock supply systems that can reliably deliver industrially relevant quantities of quality
feedstocks

e R&D of high-productivity advanced algal systems

e R&D of conversion technologies able to efficiently process diverse and variable feedstocks into biofuels
(e.g., gasoline, diesel, jet, and marine fuels), bioproducts, and biopower

e Development of integrated processes, tested and verified at the engineering scale, to reduce technology
uncertainties and enable industry deployment

e Codevelopment of high-performance fuels with advanced engine designs

o Crosscutting sustainability and strategic analysis of economic, social, and environmental effects to
inform decisions, identify emerging opportunities, and assess technology progress.

3 INTRODUCTION
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RESEARCH AND DEVELOPMENT
O & @
FEEDSTOCK SUPPLY AND LOGISTICS ADVANCED ALGAL SYSTEMS CONVERSION
Develop and supply high-quality, Increase algal productivity, while Optimize conversion efficiency while
energy-dense, and sustainable maximizing the yleld of fuels, products, maximizing value of fuels, products,
conversion-ready feedstocks. and chemicals. and chemicals.

PROCESS INTEGRATION, SCALE-UP, AND END USES

O

ADVANCED DEVELOPMENT AND OPTIMIZATION
Develop, test, and verify integrated processes for industry to demonstrate and deploy. Develop high-performance
fuels for advanced engine design.

CROSSCUTTING

A
STRATEGIC ANALYSIS AND CROSSCUTTING SUSTAINABILITY
Understand and enhance the environmental, economic, and social benefits of advanced bioenergy and bioproducts
and reduce potential negative impacts.

Figure 3. BETO program area alighment with biomass-to-bioenergy supply chain.

Note: Conversion includes Biochemical Conversion, Catalytic Upgrading, Performance-Advantaged Bioproducts and Separations,
Waste-to-Energy, Lignin Utilization, Agile BioFoundry, and Carbon Dioxide Utilization. Advanced Development and Optimization
includes Process Integration and Scale-up, Analysis and Modeling, and Co-Optimization of Fuels & Engines.

BETO 2019 PEER REVIEW OVERVIEW

The Project Peer Review meeting took place on March 4-7, 2019, in Denver, Colorado. During the event, 447
projects in BETO’s research portfolio were presented in 14 simultaneous review sessions and two poster
sessions. Projects were systematically reviewed by 57 external subject matter experts from industry, academia,
and federal agencies. The 14 review sessions included presentations of projects grouped within the following
technology areas, some of which are subcategories of the primary program areas, as indicated:

FEEDSTOCK SUPPLY AND LOGISTICS
FEEDSTOCK-CONVERSION INTERFACE CONSORTIUM

ADVANCED ALGAL SYSTEMS
CONVERSION RESEARCH AND DEVELOPMENT

Agile BioFoundry Consortium Lignin Utilization
Biochemical Conversion Performance-Advantaged Bioproducts and
Carbon Dioxide Utilization Separations
Catalytic Upgrading Waste-to-Energy

ANALYSIS AND SUSTAINABILITY
ADVANCED DEVELOPMENT AND OPTIMIZATION
Analysis and Modeling Process Integration and Scale-Up

CO-OPTIMIZATION OF FUELS & ENGINES
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The Program Management Review meeting took place on July 17, 2019, in Golden, Colorado, and provided an
office-level assessment of strategic planning and programmatic initiatives. The 246 presentations reviewed,
representing 447 projects, represent approximately 94% of BETO’s portfolio and a total DOE investment
during the period covered by this peer review (FY 2016-FY 2019) is nearly $860 million. Each review panel
developed overall recommendations regarding the focus, management, and impact of the projects in each
technology area. In addition, an external steering committee developed overall recommendations for BETO
based on the summary reports from each review panel. Results of the 2019 Peer Review have been, and will
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.

The peer review brought together reviewers, BETO staff, principal investigators (PIs), and other stakeholders
along the entire bioenergy supply chain. Converging stakeholders in this way creates synergy across
technology areas and enables the cross-fertilization of ideas and expertise while providing a more
comprehensive review process. Figures 4 and 5 depict the number of presentations reviewed by technology
area session and the associated funding allocation.

Number of Presentations Per Program Area

A2 Feedstock Supply and Logistics
9 Feedstock-Conversion Interface Consortium
36 Advanced Algal Systems
1.0 Agile BioFoundry Consortium

30 Biochemical Conversion
27 Catalytic Upgrading
21 Carbon Dioxide Utilization
11 Lignin Utilization

14 Performance-Advantaged Bioproducts and Separations
15 Waste-to-Energy
26 Analysis and Sustainability

10 Advanced Development and Optimization - Analysis and Modeling

26 Advanced Development and Optimization

- Integration and Scale-up
_ 9 Co-Optimization of Fuels & Engines

Total Presentations: 246

Figure 4. Number of presentations by technology area session.
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4.7% $40,004,062
Feedstock Supply and Logistics

Total BETO Budget: $859,814,037*

6.8% $58,606,382
Co-Optimization of Fuels & Engines

2% $17,280,057
Feedstock-Conversion Interface Consortium

12.6% $108,155982
Advanced Algal Systems

| Percentage of

37.5% $322323910 — 6.1% $52,040,000

Advanced Development Agile BioFoundry Consortium
and Optimization - Integration u ge

Per Program —— 9.6% 82,210
Area

and Scale-up
Biochemical Conversion
0.9% $8,092,031

Advanced Development
and Optimization - Analysis

6.2% $53,638,660
Catalytic Upgrading

and Modeling
| 0.8% $6,59,000
Carbon Dioxide Utilization
4.9% s11,868415 2.4% 20312172
Analysis and Sustainability Lignin Utilization’ '
2.6% $22,750,283 :
Waste-to-Energy 3% $25,459,273

Performance-Advantaged Bioproducts and Separations

*Percentages do not add up to 100% due to rounding

Figure 5. BETO presentation portfolio: total budget by technology area session.

Roles and Responsibilities

The BETO 2019 Peer Review was conducted by an internal planning committee, an external steering
committee, 14 external review panels, and a selection of poster reviewers. Upon initiation of the review
process, an internal BETO planning committee was designated with the responsibility for coordinating all
aspects of the review process, from initiation through completion. This committee included a lead and support
person for each of the 14 technology areas as well as a chair and overall coordination support. Support
contractors from Allegheny Science & Technology (AST), BCS Incorporated, Redhorse Corporation, and The
Building People, LLC provided planning support for each session and for the peer review overall. AST
developed a reviewer evaluation system.

At the beginning of the process, the BETO planning committee identified and recruited an external steering
committee to represent perspectives of academia, industry, the financial community, and nongovernmental
organizations. The steering committee provided independent and impartial guidance on planning activities and
the selection of external reviewers; participated in the review process; and developed crosscutting
recommendations on BETO’s overall focus, scope, and strategic direction.

Review panels for each technology area consisted of four to six external experts who were selected based on
technical expertise and high-level qualifications in their designated technology area. Individual candidates

6 INTRODUCTION



2019 PROJECT PEER REVIEW

were proposed by the BETO technology area teams and submitted to the external steering committee for input.
Efforts were made to ensure balance within each review panel by including a mix of reviewers from industry,
academia, and federal agencies, with a range of expertise in the many subfocus areas within each technology
area. Review panel members were required to sign legal agreements stipulating an absence of a conflict of
interest with the projects they reviewed. Final decisions on reviewer selection were made by the internal
planning committee and BETO’s director. Each review panel was guided by a lead reviewer who in most cases
had previous experience participating in a BETO Project Peer Review.

Table 1 and Table 2 list the members and affiliations of the peer review steering committee and the lead
reviewers, respectively. Members of each technology area review panel are listed within each technology area
session summary.

Table 1. Steering Committee Members

Name Affiliation

Bill Crump* Leidos

Suzanne Lantz DuPont

Kelsey McNeely ExxonMobil

John Sheehan Colorado State University

Stephen Costa U.S. Department of Transportation - Volpe
* Chairman

Table 2. Lead Reviewers

Name Affiliation

Alissa Park* Columbia University
Brandon Emme ICM, Inc.

Charles Abbas iBiocat

Emma Master University of Toronto
Glenn Farris AGCO

Joe Bozzell University of Tennessee
Kristin Lewis Volpe DOT

Larry Bauer** LBJ Chemical Consulting
Luca Zullo VerdeNero, LLC.
Raghubir Gupta Susteon Inc

Toby Ahrens Larta Institute

* Report drafted by reviewer Jason Ren (Princeton University)
** Report drafted by reviewer Jesse Bond (Syracuse University)

PROJECT CATEGORIES AND EVALUATION CRITERIA

Each project in the BETO portfolio was categorized based on its start and/or end date. To capture projects that
have been active since the 2017 Project Peer Review, the three project categories included sunsetting (projects
that ended prior to March 2019), ongoing (projects with end dates after February 2019 and start dates prior to
October 2018), and new (projects with start dates after September 2018). Project scoring involved weighting
the evaluation criteria based on a project’s category. Table 3 lists the assignment of weighting for each project
category and evaluation criteria.
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Table 3. Project Evaluation Criteria Weighting

Sunsetting Ongoing Projects | New Projects Directed Funding
Projects (Started After Award (Lab Projects

(Ended Prior to October 1, 2018) with Industry Partners)
March 1, 2019)

Approach 25%

25% 25% 50%

Accomplishments/

50% 25% 0% 25%
Progress
Relevance 25% 25% 25% 0%

Future Work 0% 25% 50% 25%

Review panel members were asked to evaluate each project on specific criteria including approach,
accomplishments/progress, relevance, and future work. These evaluation criteria served as the standard
template for the scores and comments provided to each project:

o Overview: Projects were evaluated on the degree to which the project performers communicated the
project’s history, the context in which the project fits into the portfolio, and its high-level objectives.

Approach: Projects were evaluated on the degree to which:

o The project performers implemented technically sound research, development, and deployment
approaches and demonstrated the results needed to meet their targets.

o The project performers identified a project management plan that includes well-defined milestones
and adequate methods for addressing potential risks.

o The project performers clearly described critical success factors that will define technical and
commercial viability and explained and understand the challenges they must overcome to achieve
success.

e Technical progress and accomplishments: Project were evaluated on the degree to which:

o The project performers made progress toward reaching their objectives based on their project
management plan. The project performers described their most important accomplishments in
achieving milestones, reaching technical targets, and overcoming technical barriers.

o The project performers clearly described the progress since the period of the last review.

Relevance: Projects were evaluated on the degree to which:

o The project performers described how the project contributes to meeting program/technology area
goals and BETO objectives as cited in the MYP.

o The project performers considered applications of their expected outputs.

o The project performers presented the relevancy of the project and how successful completion of
the project will advance the state of technology and impact the viability of commercial bioenergy
applications.

Future work: Projects were evaluated on the degree to which:
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The project performers outlined adequate plans for future work, including key milestones and go-
no-go decision points.

The project performers communicated key planned milestones and addressed how they plan to deal
with upcoming decision points and any remaining issues.

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 14 chapters that represent the comprehensive
evaluation for each technology area reviewed. All technology area reports in this section were prepared
independently by the review panel and the lead reviewer. Each chapter includes:

A.

Introduction: An overview of the technology area’s project portfolio, including total funding
obligated for FY 2016-FY2019 and percentage of total BETO project portfolio.

. Program overview: Background information about the BETO program that operates the given

technology area, including the program scope, R&D activities, and important definitions. This
component also includes context regarding the program approach for overcoming challenges as
well as for supporting BETO strategic and performance goals.

. Review panel members: A list of names and affiliations for each individual who provided project

evaluations and contributed to the Review Panel Summary Report.

. Technology area score results: This chart depicts the average weighted score for each project in

each technology area.

Review panel summary report: This summary of project evaluations provides insight regarding
the technology area’s overall impact, level of innovation, leverage of synergies, appropriate focus,
feasibility for commercialization, and top recommendations. 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 required, and reviewers were asked to include differences of opinion and
dissenting views within the report.

. Technology area programmatic response: Represents the program’s official response to the

recommendations provided in the Review Panel Summary Report.

. Project evaluations: The project reports constitute two- to three-page reports that summarize the

results of each project evaluated during the review process, including the following elements:

1.  Project name and the work breakdown structure (WBS) number: The full project
name is listed as the heading with the identifying code below in parentheses. Project
evaluations for each technology area are ordered by WBS# from lowest to highest.

ii. Weighted project score: Each project’s average weighted score is stated numerically. A
bar chart depicts the average scores for each evaluation criteria and whiskers illustrating
the range of scores given to the project by the individuals within the review panel. The
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iii.

1v.

Vi.

vil.

viil.

1X.

Xi.

REVIEW

average value for each evaluation criteria across all projects within the technology area is
also indicated.

Summary table: Reference information about a project, which includes the recipient
organization, PI name, project dates, project type, and funding values.

Recipient: Indicates the organization tasked with leading the project (might include
multiple organizations in situations where the project has more than one recipient).

PI: The PI is the individual affiliated with the recipient organization and assigned to lead
the project.

Project category: Sunsetting, ongoing, or new, depending on start/end date.

Project type: There are many types of projects within the BETO portfolio, but this review
focused primarily on two types of projects—AOPs, which are core R&D projects
performed by DOE national laboratories; and projects awarded through a FOA, which are
indicated in this table by listing the FOA name, number, and fiscal year.

Funding: The project budget allocated. Values for AOPs are available on a fiscal year
basis, whereas competitively awarded project funding is available only as a total value.

Project descriptions: Compiled from the abstracts submitted by the PI for each project.

Overall impressions: 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.

PI response to reviewer comments: The response to the reviewer comments provided by
the PI. In some cases, PIs chose to respond to each bullet point of the comments made by
the reviewers; in other cases, PIs provided only a summary response. Responding to
reviewer comments was optional, and in some cases PIs chose not to respond.

4. Programmatic evaluation: The overall summary feedback and final recommendations of the external
steering committee following the conclusion of the Program Management Review. This report was based
on the participation of the steering committee in each component of the peer review process as well as
closed-door, facilitated review sessions following the Project Peer Review and the Program Management
Review meetings. Components of this report include identification of overall strengths and weaknesses,
comments on the portfolio impact, assessment of BETO’s strategic plan, and input regarding
technologies and market trends that could affect BETO’s ability to achieve its goals.

5. BETO programmatic response: The official, comprehensive response from BETO leadership on the
feedback and recommendations provided by the steering committee evaluation.
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INTRODUCTION

The Feedstock Supply and Logistics (FSL) Program is one of 14 related program areas that were reviewed
during the 2019 Bioenergy Technologies Office (BETO) Project Peer Review, which took place on March 4-7,
2019, at the Hilton Denver City Center in Denver, Colorado. A total of 12 projects were reviewed in the FSL
session by five external experts from industry, academia, and other government agencies.

This review addressed a total U.S. Department of Energy (DOE) investment value of approximately
$40,004,062 (Fiscal Year [FY] 2016-FY 2019 obligations), which represents approximately 4.7% of the
BETO portfolio reviewed during the 2019 Project Peer Review. During the Project Peer Review meeting, the
principal investigator (PI) for each project was given 20 to 30 minutes (depending primarily on the funding
level) to deliver a presentation and respond to questions from the review panel.

Projects were evaluated and scored for their project approach, technical progress and accomplishments,
relevance to BETO goals, and future plans. This section of the report contains the results of the Project Peer
Review, including full scoring information for each project, summary comments from each reviewer, and any
public response provided by the PI. Overview information on the FSL Program, full scoring results and
analysis, the Review Panel Summary Report, and the Technology Area Programmatic Response are also
included in this section.

BETO designated Dr. Mark Elless as the FSL review lead, with contractor support from Mr. Andrew Kobusch
(Allegheny Science & Technology). In this capacity, Dr. Elless was responsible for all aspects of review
planning and implementation.

FEEDSTOCK SUPPLY AND LOGISTICS OVERVIEW

FSL research and development (R&D) focuses on technologies and processes that transform renewable carbon
sources to biorefinery conversion-ready feedstocks. Terrestrial lignocellulosic biomass (i.e., plants and plant-
based materials not used for food or feed) is an abundant, renewable, and sustainable resource for producing
biofuels, bioproducts, and biopower. Biomass and other renewable carbon sources or reusable carbon sources
commonly used for bioenergy applications include agricultural residues (e.g., corn stover), forestry residues
(e.g., logging residues and forest thinning), dedicated energy crops (e.g., switchgrass, miscanthus, energy cane,
sweet sorghum, high-biomass sorghum, hybrid poplars, and shrub willows), and waste streams and reusable
carbon sources (e.g., the nonrecyclable organic portion of municipal solid waste [MSW], biosolids, sludges,
waste food, plastics, carbon dioxide, and manure slurries).

FEEDSTOCK SUPPLY AND LOGISTICS SUPPORT OF OFFICE STRATEGIC GOALS

The strategic goal of the FSL Program is to reliably and efficiently deliver conversion-ready feedstock
intermediates to meet BETO’s 2022 and 2030 goals of $3/gallons gasoline equivalent (GGE) and $2.5/GGE,
respectively. The focus will be on agricultural and forestry residues and energy crops in the near term and
economically advantaged feedstocks (such as sorted MSW, biosolids, and industrial waste streams) in the
midterm (5 to 12 years).

FEEDSTOCK SUPPLY AND LOGISTICS SUPPORT OF OFFICE PERFORMANCE GOALS

The FSL performance goals outlined in BETO’s Multi-Year Plan (MYP) are to (1) identify the key feedstock
quality and variability factors for corn stover and pine residues to meet a modeled operational reliability of
80% for advanced feedstock supply-logistics-conversion systems at a modeled delivery cost of $86/dry ton and
(2) to deliver corn stover and pine residues with the necessary specifications for 2022 verification in support of
a minimum fuel selling price of $3/GGE. In addition, by 2029, to identify the key feedstock quality and
variability factors for conversion-ready feedstocks to meet a modeled delivered cost of $73/dry ton.

13 FEEDSTOCK SUPPLY AND LOGISTICS



2019 PROJECT PEER REVIEW

FEEDSTOCK SUPPLY AND LOGISTICS APPROACH FOR OVERCOMING CHALLENGES

The key barriers addressed by the FSL Program are the quality, cost, and quantity of available renewable
carbon sources that can be sustainably supplied and reliably converted into high-quality biofuels, bioproducts,
and biopower. To meet requirements of conversion facilities, FSL R&D will need to improve feedstock quality
from harvest and collection through delivery while meeting conversion performance and cost goals. The
following critical areas will be emphasized within the FSL Program through early-stage R&D:

e Feedstock availability and cost

e Production

e Feedstock genetics and variety improvement

e Sustainable harvesting

o Feedstock quality

e Biomass storage systems

e Biomass physical state alteration

e Material handling and transportation

e Feedstock supply system integration and infrastructure
e Operational reliability.

The FSL Program overcomes these barriers by developing science-based strategies and technologies and
defining requirements and specifications to reduce costs, improve quality, and increase the quantity of
sustainable, renewable, and reusable carbon-based feedstocks. FSL activities include biomass production (in
collaboration with the U.S. Department of Agriculture [USDA]), supply chain analysis, feedstock logistics
R&D (including harvesting or collecting, storage, transportation, and preprocessing), and research into
conversion-ready intermediates. FSL R&D focuses on improving the efficiency of feedstock logistics
operations, developing a fundamental understanding of the interactions between feedstock properties and
conversion performance, and identifying the key feedstock quality and performance factors affecting
biorefineries. FSL collaborates with the Conversion Research and Development and Advanced Development
and Optimization programs for testing and verification of feedstocks and the relevant conversion pathways at
the engineering scale. FSL also works with the Analysis and Sustainability (A&S) Program to assess progress
and identify and analyze sustainable practices. The FSL Program also works closely with the USDA and other
federal agencies through the Biomass Research and Development Board.

This R&D work is performed by DOE national laboratories, universities, and industry partnerships, in addition
to the Feedstock-Conversion Interface Consortium (FCIC). The FCIC project portfolio was also reviewed
during the Project Peer Review. Please refer to the "Feedstock-Conversion Interface Consortium" section in
this document for more information.
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FEEDSTOCK SUPPLY AND LOGISTICS REVIEW PANEL

The following external experts served as reviewers for the FSL Program during the 2019 Project Peer Review.

Name Affiliation

Glenn Farris* AGCO Corporation

Brandon Emme ICM, Inc.

Dana Mitchell USDA Forest Service Southern Research Station
Ray Miller Michigan State University

Lynn Wright WrightLink Consulting

* Lead reviewer
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TECHNOLOGY AREA SCORE RESULTS

Average Weighted Scores by Project

INL (1.2.1.1000): Development of a Wet Logistics System for Bulk Corn
Stover

INL (1.1.1.2): Feedstock Supply Chain Analysis

The Research Foundation of SUNY /SUNY-ESF (1.2.3.108): Improved
Advanced Biomass Logistics Utilizing Woody and other Feedstocks in the
Northeast and Pacific Northwest

ORNL (1.1.1.3): Supply Forecasts and Analysis

INL (1.2.1.2): Size Reduction, Drying, and Densification of High Moisture
Biomass

FDC Enterprises (1.2.3.106): Demonstration of an Advanced Supply
Chain for Lower Cost, Higher Quality Biomass Feedstock Delivery

INL (1.2.1.1): Sensors and Measurement in Harvest and Collection for
Rapid Quality Control of Corn Stover

INL (1.2.2.2): Biomass Supply Chain Risk Standards

NREL (6.3.0.8): CEMAC: Evaluation of Agricultural Equipment
Manufacturing for a Bio-Based Economy

Humboldt State University (3.4.1.4): Waste to Wisdom: Utilizing Forest
Residues for the Production of Bioenergy and Bio-Based Products

University of Tennessee (1.2.3.107): Next Generation Logistics Systems
for Delivering Optimal Biomass Feedstocks to Biorefining Industries in
the Southeastern United States

INL (1.2.1.5): Resource Mobilization (through Commoditization and
Trade)

0 2 4 6 8 10

Sunsetting _Ongoing _New
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FEEDSTOCK SUPPLY AND LOGISTICS REVIEW PANEL SUMMARY
REPORT

Prepared by the Feedstock Supply and Logistics Review Panel

BETO recognizes that the availability of a sustainable, consistent, economic, and dependable supply of high-
quality feedstock is critical to a successful U.S. bioenergy industry. The FSL Program is central to the success
of this mission.

The FSL Program projects reviewed encompass forest resources (short-rotation woody crops [SRWC] and
forest residues), agricultural residues (corn stover), and dedicated energy crops. FSL projects address a range
of topics, including sustainable economic feedstock production, feedstock resource assessments, supply
logistics, supply scenarios, supply chain risks, and feedstock quality.

IMPACT

BETO’s FSL project portfolio is particularly impactful for industry, and many of the projects will advance the
state of technology (SOT) in the handling and logistics area. The government’s investments here are
particularly appropriate because they address industry problems that in many ways industry cannot address.
The national laboratories on their own and sometimes with the involvement of university and industry partners
have capabilities that companies alone do not have. This is currently seen in the cellulosic ethanol segment
seeking to use agricultural waste, such as corn stover. Early industry projects seeking to convert corn stover
into cellulosic biofuels are experiencing problems because of the variability of the material and its effects on
downstream processes. This is particularly true when trying to control the moisture and ash content of corn
stover.

Two FSL projects have significant direct and indirect consequences for the industry. Both are based on the
handling of wet corn stover: Size Reduction, Drying, and Densification of High-Moisture Biomass and
Development of a Wet Logistics System for Bulk Corn Stover. When used as a feedstock, large amounts of
corn stover must be stored for long periods of time before use. During this time, it can experience significant
degradation if wet, and managing moisture during baling operations is both challenging and expensive. Baling
wet material, defined as greater than 20% moisture content, is sometimes required because of incoming
weather events or farming activities required postharvest of corn grain.

The direct benefits are as follows: Being able to handle wet material and produce high-quality, economic
feedstock for the conversion platform solves both the moisture and ash problem (microbial degradation) in the
case of a wet logistics management system. For a densification system, intense drying of the material and
production of fines in the pellets are the two most significant problems addressed by the project. Less intense
drying will decrease the cost of densification, and the reduction of fines will increase efficiency in downstream
operations.

Indirectly, the cost of baling material will reduce the cost of the baling operation by at least 10% in a typical
three-pass baling system. Further, it would enable the use of the single-pass system, which would reduce
baling operation costs by as much as 35%. This system has always been unable to address the storage
problems of baling wet material because most baling occurring at or near the time of grain harvest involves
wet corn stover. The single-pass system has the added benefit of limiting the ash of collected corn stover to the
intrinsic ash of the material because the material is not subject to dirt picked up by being in contact with the
ground or picked up by being subjected to dirt blown on it by wind.

The drying and densification and the wet logistics projects are not the only projects in the FSL portfolio that
will prove impactful to the SOT as it exists today. Other high-impact projects include those that address in-
forest processing systems, advanced logistics supply systems, rapid quality control, and the development of
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biomass risk standards. BETO’s portfolio is robust, and the review panel encourages BETO to continue
existing work as well as fund new work replacing sunsetting projects with new funding opportunities when
appropriate.

INNOVATION

The BETO portfolio has several other innovative projects as well. One advanced the SOT for processing forest
residues in the forest where they are created and most often left. The technology solutions reduce the moving
and handling of the waste, improve forest health, and reduce greenhouse gas (GHG) emissions from the rotting
of the residues. The project produced three products that are currently sold in the marketplace, which has the
potential to be profitable, depending on local conditions.

Another innovation under development is the next-generation logistics systems in the form of a feedstock
collection and processing depot using both woody and herbaceous materials. This concept can become a focal
point to produce high-quality economic feedstocks that can then be delivered to any number of fuel, chemical,
or power production facilities surrounding the depot. When combined with the wet logistics and wet
densification technologies, this concept could be groundbreaking and move the industry toward the
commodification of biomass feedstocks.

Sensors for rapid quality control and the development of biomass supply chain risk standards are two more
innovative projects. One of the most interesting features of BETO’s FSL project portfolio is that many projects
use existing technologies in new and innovative ways, and in doing so they pave the way for realization toward
the use of the vast biomass resources identified in the 2016 Billion-Ton Report: Towards Commercialization.

SYNERGIES

One strong point of the FSL Program is the many synergies among the projects. The national laboratory
project on Feedstock Supply Chain Analysis includes an analysis of all FSL projects, primarily to support
BETO program planning and project tracking needs. This greatly facilitates synergies among FSL projects. In
addition, the project incorporates industry data, Supply Scenario Analysis, and other BETO national laboratory
projects that include techno-economic analysis (TEA) and life cycle assessment (LCA). The tracking
component of the analysis project allows BETO to see if the research projects are meeting their goals in
support of BETO’s MYP. This project extends well beyond analyzing the cost of feedstock.

Beyond cost, the project’s approach integrates the availability of the resources based on supply scenario
analysis, improvements in logistics, advancements in technology, and environmental performance. Costs and
interdependencies, previously unaccounted for or unidentified, are captured through new and innovative
methods and computational abilities to model supply systems. This project naturally creates synergies among
FSL projects when it identifies interdependencies and provides a platform for the PIs of any FSL project to
locate not only information that can be helpful when problem solving but also encourages communication
between the FSL PIs. Such communication is especially encouraged when interdependencies and technical
advancements are identified in one area but will benefit another.

To say the final results of the comprehensive data assembly and analysis of feedstock supply chains will
become an invaluable industry resource is a severe understatement. It is also valuable for identifying new
project funding needs and opportunities to advance BETO’s MYP. Although this panel is not familiar with all
BETO program areas, this project should serve as a model and be repeated in the other programs where
appropriate.

FOCUS

The FSL project portfolio is squarely focused on many issues that will benefit the SOT as it exists today, help
existing projects, and spur investment and growth in the advanced bioeconomy. Addressing biomass

variability, quality control, borrowing costs, supply risks, and advanced logistics will encourage investment in
and the development of new projects in the bioeconomy and help BETO meet its goals according to the MYP.
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The FSL review panel has some suggestions, however, for adding and refocusing some project efforts that
would strengthen the projects and the review process.

As long as the baling of corn stover, wheat straw, and other feedstocks will be used to supply feedstock to
conversion projects, one area that must be addressed is the disposal of baling twine (in the case of large square
bales) or bale wrap (in the case of round bales). The disposal of this material is often overlooked, and it will
become an imminent problem unless it is addressed. For example, a project that uses 350,000 tons of material
per year that is baled and delivered as large square bales will yield between 15,000 and 18,000 miles of baling
twine on an annual basis. There are two issues with this: (1) currently, most twine is polypropylene, which is
not a bio-based product, therefore affecting issues around sustainability; and (2) the twine needs to be brightly
colored to make it easy to see in the field.

When baling corn stover using a large square baler, it is inevitable that the twine will break during the baling
operation and be left on the farmer’s field. This could cause significant problems for the farmer in succeeding
field tasks, such as tilling or planting. If left in the field, the twine could wrap around equipment and cause
significant maintenance and operating issues. For the baling team to see and collect the twine, it needs to be
brightly colored. Thus, there is a need for a new project to develop a sustainable bio-based twine with the
same characteristics as those in the polypropylene.

In addition, the project portfolio would benefit from an impact assessment on the overall effect that the
successful completion of the project portfolio technologies will have on the marketplace. For example, ample
analysis suggests which price targets advanced biofuels must meet for a gallon of gasoline equivalent to
encourage industry development of projects. All the projects have a financial goal—e.g., reducing the gallons
of gasoline equivalent by X amount or reducing the borrowing costs of a project by decreasing the credit risk
and achieving an investment grade credit. There seems to be little thought (by individual research projects),
however, around how many commercial startups would likely occur, when and if the research or demonstration
project goals are met, or what other conditions must be met to encourage the development of industry projects.
More effort needs to be spent studying the business case for the project products and technologies produced by
BETO’s FSL work. This would help BETO direct funding toward the most impactful projects.

In addition, many projects would benefit greatly by including field trials involving industry. One sunsetting
project (Demonstration of an Advanced Supply Chain for Lower Cost, Higher Quality Feedstock Delivery)
showed both the benefits of this approach and the difficulties. Nevertheless, expanded efforts of this nature
would give some real-world experience for the products or technologies developed in the FSL portfolio. Field
trials would greatly improve the adoption of the FSL work by industry and increase the return profile for
BETO’s investment. This would give industry a chance to see the work of the national laboratories and
universities as well as establish relationships that could prove valuable to both parties in the future. These
relationships could also provide new investment opportunities as industry assesses what it needs to address
technological challenges.

TECHNOLOGY DEVELOPMENT PIPELINE

Most recent BETO FSL portfolio projects have focused on corn stover and SRWCs, such as willow. The
review panel believes that it might be time to expand logistics R&D to other feedstocks that were previously
the focus primarily of biomass yield improvement. This is not to say that other feedstocks are not part of any
of the studies or projects or that the existing projects would not have any place with other technologies and
feedstocks; however, it might be time to start devoting resources to other feedstocks or to the impact that
existing projects will have on other feedstocks. The bioeconomy’s success will be realized only with a diverse
set of feedstock choices, including but not limited to crops such as miscanthus, switchgrass, energy cane, and
all forest resources. Even though high-biomass-yield productivity has been demonstrated in the dedicated
crops by past BETO and USDA research, and they are included in national feedstock supply scenarios, supply
logistics impediments exist to their availability at competitive costs.
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One project that should be revisited for additional verification work is the readiness of agricultural equipment
original equipment manufacturers (OEMs) to support an aggressively growing advanced bioeconomy. The
required amounts of equipment needed are in-line with reports and studies of which the review panel is aware;
however, this review panel questions the conclusion that OEMs are ready to produce the required tractors and
implements if an aggressive project development growth curve develops. For example, currently the annual
market for high-horsepower tractors such as those used in baling operations is approximately 25,000 units. The
project estimates that the units needed to pull implements in the short term is slightly less than 50,000 units
and in the long term is approximately 55,000 units. If conversion project development takes place throughout
several decades, then the ramp-up for OEMs could be managed and planned. Should OEMs need to deliver in
a shorter time frame of 10—15 years, this panel is not sure that is possible. More work with OEMs based on a
sensitivity analysis with various growth curves would reveal much-needed information about their ability to
meet the necessary demand.

For BETO to orient their investments to technologies that would most benefit the developing bioeconomy, the
panel believes that BETO would benefit from carrying out a standard business case analysis of the effects on
the industry upon the successful completion of a project. This could also become part of the application
process when a respondent submits a project for funding under a funding opportunity announcement. This
would help separate projects based on business merit and help understand what would or would not be
attractive to industry, thereby increasing the chances for rapid adoption by industry. This practice would also
reveal whether BETO’s investments are occurring at the optimal stage of technology development.

RECOMMENDATIONS

Although it might not be appropriate for all projects, more of a business planning approach to projects should
become part of the process. Prior to making any investment, industry frequently if not always requires a
business plan and analysis. Analyses on the strengths, weaknesses, opportunities, and threats (SWOT) are
performed to indicate how the investment will fit into an existing business and what risks are present versus
the benefits to the investment. The panel understands that BETO looks at these types of issues within a general
and broad framework, but the panel believes that there would be great benefit to delving into detail in this area.
The business plan might gauge the effects of the project and answer such questions as: How and why will the
SOT be advanced with a successful project? How many projects will be built and/or how will this project
improve existing projects? What will this mean for employment within the industry? This would help BETO
create priority for projects and could reveal new opportunities for investment and improvement of existing
programs.

The review panel believes that it would be extremely beneficial for each project partner to share with BETO, at
a minimum, a report on findings that did not go well or according to plan and how those issues were resolved.
This would be most beneficial if shared widely within all BETO program areas. Frequently, projects
experience similar problems, and knowing how others solved a problem might save significant time and effort.
This would also be useful information to share with industry.

It has come to the attention of the review panel that the national laboratories have within their structure
marketing departments. Thus, the final recommendation is that BETO include a budget for marketing as a
regular line item. It is not the recommendation that BETO or DOE form a marketing department but that funds
be available for specific marketing duties and plans within the laboratories to promote the projects many of
them are working on and that BETO is already funding. This would have several positive effects, not the least
of which would be increasing the profile with industry of not only the work currently being performed at the
national laboratories but also the national laboratory capabilities. This could lead to more future work and/or
investment opportunities for BETO.
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FEEDSTOCK SUPPLY AND LOGISTICS PROGRAMMATIC RESPONSE

INTRODUCTION/OVERVIEW

The FSL team appreciates the Peer Review Panel statements affirming that FSL funding has enabled research
productivity, innovative approaches, and significant advances along the SOT as well as excellent synergies
among projects, with no notable gaps. FSL further acknowledges the recommendations that:

e Performing a SWOT analysis would be a potentially useful method for prioritizing projects and revealing
new opportunities.

e Reporting on issues that did not go according to plan, and how these issues were resolved, to both the
rest of BETO and possibly industry would allow everyone to learn from the “negative” results.

e BETO should use the marketing structures within the national laboratory complex to more effectively
communicate the work that BETO funds within both the bioenergy community and the public at large.

Recommendation 1: Business Plan—Incorporate a business plan/SWOT into each project.
BETO recognizes the importance of a sound plan for directing future research that accounts for opportunities
and risks. Currently, BETO project planning incorporates an evaluation of the risks associated with each
project and the strengths that each project lends toward completing BETO’s stated goals and advancing the
current SOT in the industry. At this point, project management does not focus on identifying opportunity
space. BETO will strongly consider adding an opportunity analysis to the project planning stage.

Recommendation 2: Lessons Learned—Write/share lessons learned and how issues were
resolved.

BETO fully agrees with the importance of open dialogue, along with the collection and communication of
lessons learned, such that all results can be used. Currently, it is common practice to include a section on
lessons learned in each quarterly report sent from project performers to BETO that includes a description of at
least one challenge faced by a project and the path for resolving the challenge. BETO will consider a path for
aggregating and disseminating this information while remaining sensitive to the protection of proprietary data
and information that could be contained within the described challenge and solution.

Recommendation 3: Marketing—Enhance focus on marketing. FSL program should set
aside specific funding for marketing to be provided to the national laboratories for
execution.

BETO currently works to make its impacts known through conferences, the DOE Office of Energy Efficiency
and Renewable Energy website, and other platforms such as social media. We appreciate the review panel’s
suggestion to extend our outreach and marketing efforts through our national laboratory partners, and we
acknowledge a great opportunity to take advantage of BETO’s BioComms effort—a communications
partnership of nine BETO-funded national laboratories. BETO will work with the laboratories to improve
overall outreach and continue to increase the profile of the bioenergy industry writ large. This could be
accomplished through ongoing efforts at the laboratories to publicize attendance more widely at conferences,
by encouraging national laboratory researcher participation in professional society leadership roles, in addition
to better advertising the capabilities of the various national laboratory process demonstration units such that
partnerships with industry can be enhanced.
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FEEDSTOCK SUPPLY CHAIN ANALYSIS

Idaho National Laboratory

PROJECT DESCRIPTION

The billion tons of biomass potentially available for
bioenergy comprises widely distributed, low bulk density,
and widely spatially and temporally variable biomass
types, moisture levels, and compositions. This 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.
Today’s pioneer biorefinery industry lacks a consistent and
reliable biomass supply, and thus it relies on vertical
integration of its feedstock supply to minimize supply risk
using conventional feedstock supply systems that were
developed for industries that are less sensitive to feedstock
composition characteristics. Without reducing feedstock

WBS: 1.1.1.2

CID: NLO015591

Principal Investigator: ~ Dr. David Thompson
igff‘(’)‘r’n?;nce: 10/1/2014-9/30/2020
Total DOE Funding: $3,779,968

DOE Funding FY16: $765,000

DOE Funding FY17: $900,000

DOE Funding FY18: $1,114,968

DOE Funding FY19: $1,000,000

Project Status: Ongoing

costs and improving biomass consistency, it is difficult to see a viable pathway to both achieving the
DOE/BETO 2030 goal of $2.50/GGE (2016$) using an industrially relevant feedstock and competing on a cost
basis with oil selling at less than $50 bbl. This project fulfills a critical role for DOE by developing supply
system designs, delivered feedstock cost and volume targets, and forward-looking analyses to track R&D
progress and guide the direction of R&D toward the highest-impact operations. The overarching goal of this
project is to provide BETO with credible, objective analyses of feedstock supply systems and strategies to
support their investment in a sustainable, economically viable, national-scale bioenergy industry. This project
directly informs BETO through barriers Ft-A: Terrestrial Feedstock Availability and Cost and Ft-M: Overall

Weighted Project Score: 8.3

Weighting for Ongoing Projects: Approach-25%; Accomplishments and Progress-25%; Relevance-25%; Future Work-25%
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Integration and Scale-Up. This project develops and vets innovative strategies that meet cost, quantity, and
quality specifications while minimizing environmental impacts and delivering robust data sets with flexible
analysis tools to enable industry to implement a successful biofuel supply system. This project also tracks
technology progress based on technology improvements identified and verified annually in R&D activities.
Historically, we have investigated both conventional feedstock supply systems and a number of advanced
(active quality management) feedstock supply system strategies, including blending and commoditizing
biomass to meet modeled cost, quantity, and quality specifications required to meet long-term U.S. biofuel
production goals. Complete field-to-reactor throat feedstock supply infrastructures and systems are analyzed,
including, but not limited to, innovative harvest and collection equipment, advanced preprocessing
technologies, biomass composition variability, and the interface between feedstock variability and conversion
performance. This project leads the development of the pathway to the 2022 Multi-Year Plan (MYP) target for
the 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 more than $85.51/dry ton (2016$), and contribute to meeting a delivered feedstock cost target
of $71.26/dry ton, in support of achieving the $2.50/GGE minimal ethanol selling price target for 2030.
Finally, this project develops new computational tools to advance the state of the art in feedstock supply and
preprocessing modeling capabilities. Examples include continual updates to the Idaho National Laboratory
(INL) Biomass Logistics Model, new analysis tools to enable dynamic simulation of throughput and
operational performance, and feedstock supply and preprocessing system optimization tools that
simultaneously consider multiple aspects of delivered biomass quality and supply.
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OVERALL IMPRESSIONS

¢ In summary, managing the information in presentations such as this—where information comes from
many diverse sources, programs, and in different formats—is a difficult task. As a reviewer, after the
goals, sometimes [ would like to see approach sections (both managerial and technical), then take one
key goal/milestone and describe the process in great detail, including how mitigation were steps, if any;
how gaps were identified and filled; and what the thought process was. Then state whether the other
goals and milestones were met or not and where to find additional information should we wish to see it.

23 FEEDSTOCK SUPPLY AND LOGISTICS



2019 PROJECT PEER REVIEW

That way, I could make more informed decisions about the strengths and weaknesses of the project and
presentation.

TEA is key metric for all BETO research, and as such the importance of this project cannot be
questioned. The project did a good job of incorporating new SOT concepts, such as depot and wet
pelleting (as well as FCIC changes, such as inclusion of process variability). For future peer reviews, |
suggest picking an example—good or bad—and showing how it goes through the project cycle,
including touch points with different projects and team members. This would help reviewers understand
the actual project approach.

The project has met the demands of the FSL/FCIC project needs, and an evaluation of different control
strategies has been executed (bale rejection, et al.); thus, the TEA is being used as more than only as a
metric—it is being used to help define processing strategy. It was not completely clear from the
presentation how these scenarios are brought into the analysis process. Consider whether more visibility
and clarity here could bring more clever ideas from outside the project team members.

This project has a long history of providing valuable analytic support to BETO for use in developing
strategic MYPs. The proposed plans are very well in tune with analysis and planning needs identified by
BETO. The individuals involved at several DOE labs have developed analysis expertise that can be
called upon to provide quick responses to questions from Congress, industry, and the general public.
This is a resource that should have value not only to BETO but also to other DOE offices and potentially
to specific commercial project development activities.

Modeling work such as this project helps identify missing information and guide new research.

This feedstock quality and cost modeling project integrates the available modeling and SOT work to
inform BETO and other users of progress toward goals and identify challenges to overcome.

RECIPIENT RESPONSE TO REVIEWER COMMENTS

We understand the reviewers’ perspective. This project supplies system TEAs for all conversion
technology platforms that use terrestrial feedstocks. This is in contrast to the majority of BETO’s TEA
projects, which typically focus on single conversion processes. This currently amounts to four different
feedstock supply chains, which makes it difficult to cover any in detail in the allotted time and provide a
good overall picture of the breadth and scope of the project’s accomplishments and impacts. Unlike other
TEA projects that use standard packages such as Aspen Plus and CHEMCAD to perform their analyses,
we must continually develop and upgrade analysis tools to perform our analyses (progress on which is
tracked by additional milestones). Developing these tools is an accomplishment in and of itself because
the resulting ability to model something that was not heretofore possible to model has substantial impact
on the ability of BETO to understand what must happen to successfully develop a robust bioeconomy. A
good example of this is the throughput analysis approach and model developed by this project, which
brought to the forefront the operational issues than can be attributed to feedstock quality variations.

Design cases are developed approximately every 5 years that lay out the expected technology
development pathways that are needed to achieve BETO program goals and targets during the next
period. The design cases are developed with participation of the R&D project PIs, and then supply
system analysis is used to model the impacts of technology improvements toward the technical targets.
Annual SOT reports track R&D progress toward individual technology targets as well as the overall
supply system targets.
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SUPPLY FORECASTS AND 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 derisk 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

WBS: 1.1.1.3

CID: NLO015593

Principal Investigator:  Dr. Matt Langholtz
periodof 10/1/2017-9/30/2020
Total DOE Funding: $1,875,180

DOE Funding FY16: $0

DOE Funding FY17: $0

DOE Funding FY18: $1,375,180

DOE Funding FY19: $500,000

Project Status: Ongoing

from the position of the biorefinery, as well as “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. Further, 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. We are examining the relationship between potential county-
level agricultural and forest biomass supply and environmental effects in 2040, based on 1% and 3% yield
growth scenarios from the 2016 Billion-Ton Report, using a novel environmental supply curve visualization.

Weighted Project Score: 8.2

Weighting for Ongoing Projects: Approach-25%; Accomplishments and Progress-25%; Relevance-25%; Future Work-25%
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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. Water quality and
quantity, GHG emissions, air quality, and biodiversity outcomes are considered. Preliminary analyses have
shown some synergies between price and reduced adverse environmental effects. For example, GHG emissions
intensities are low for low-price corn stover, especially after logistics are included in the cost and
environmental effects. Moreover, we identified regions where particulate emissions were high, and costs of
production were among the highest in the United States. We also identified trade-offs between price and
environmental effects, as in water and nutrient losses from soil to streams that coincide with the least
expensive forest biomass to harvest. For water quality, we worked with A&S Project 4.2.1.40 to internalize
some environmental externalities into total cost curves, showing the clear economic benefits of the water
quality loading reductions associated with energy crops. Data visualizations were developed in Tableau data
visualization software.
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Facility Location

Feedstock Source

Photo courtesy of Oak Ridge National Laboratory

OVERALL IMPRESSIONS

o Although I am fully in favor of such studies, I am always suspect of the assumptions behind the
conclusions reached in the study about the price of the commodities in question, whether corn stover,
switchgrass, forest residue, or clean wood chips, to name a few. I am not trying to question the validity
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of the conclusions or the assumptions; I do not find enough information in the presentation about their
source to decide.

This is important work to understand the potential of the industry. The model’s current detail is very
impressive, and the tools that have been developed to suggest likely biorefinery sites are interesting.
From the presentation, it was difficult to understand the full granularity of the variables included in the
model, although it was evident it was rather expansive. Some factors to consider including in future work
might be municipal readiness (i.e., road access) because this will often be tied to the capital project by
local government, as well as gradual impact of climate change because it relates to the rollout of the
plants, from pioneer to the n-plant, over some period of years.

Despite what one might easily argue is the most comprehensive feedstock model short of oil exploration,
the project specifically stopped short of saying the models should be used to site actual plants. The
reviewer can appreciate liability impacts; regardless, either it will be used by industry or not, and if not,
it might not be as valuable. Consider owning the accuracy of the model and the great work it is, and use
it to actually go to some of the sites and understand how well your model captures what would be the
actual logistics and local support of a plant located where the model predicts.

The development of sophisticated analysis methodologies and the results published in the three previous
Billion-Ton reports have made a very strong contribution to the development of MYPs and strategies by
BETO. The recent focus on scenario and specific end use locations is a very valuable addition. Future
work plans are well in tune with R&D needs identified by BETO. The goal of making the outputs of the
work available to several other BETO projects has been clearly accomplished. The individuals
involved—from several DOE labs and a university—have developed analysis expertise that can be called
upon to provide quick responses to questions from Congress, industry, and the general public.
Downloads of the data shared in public databases have been very high, but finding a way to also share
the expertise developed by the analysts with project developer stakeholders would also be valuable.

This project has a national scope and is foundational to biomass feedstock supplies and logistics.

This spatially based feedstock quantity and cost modeling project is useful to biorefinery developers as
well as policymakers. It will integrate well with other BETO modeling projects as well as growth and
yield databases.

RECIPIENT RESPONSE TO REVIEWER COMMENTS

The reviewer’s suspicions of reported prices are understandable given the limited detail provided during
the peer review presentation. Technically, we do not consider cellulosic biomass resource commodities
because quality specifications have not been widely accepted for commoditization; however, methods
and assumptions of the economic modeling were reviewed by more than 30 external reviewers from
industry, government, and research sectors. The assumptions and the review process are described in the
2016 Billion-Ton Report (http://energy.gov/eere/bioenergy/2016-billion-ton-report). Further, methods
used in the report are applied in various peer-reviewed manuscripts. Acknowledging prices are
impossible to predict with certainty because future macroeconomic and technical innovations are
impossible to predict.

We appreciate the reviewer’s suggestions regarding municipal readiness, climate change, and explicitly
characterizing accuracy.
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SENSORS AND MEASUREMENT IN HARVEST & COLLECTION FOR
RAPID QUALITY CONTROL OF CORN STOVER

Idaho National Laboratory

PROJECT DESCRIPTION

Results from pioneer integrated biorefineries and research WBS: 1211
gt INL shqw negative impa}cts of mqistur§ and soil coptent cID: NLOO15076
in baled biomass. Impacts include biological degradation, o : X X

. . . Principal Investigator: ~ Mr. Bill Smith
displacement of valuable biomass components by soil, and

increased preprocessing and handling costs. Existing EZ;}Z?rﬁgnce- 10/1/2015-9/30/2021
harvesting and storage practices have proven ineffective at —

reducing bale-to-bale variations in moisture and ash from USROS ACnl a5 BEIPLETY

soil content that occur in commercially harvested corn DOE Funding FY16: $1,190,000

stover delivered throughout the year to a biorefinery. The DOE Funding FY17: $1,190,000

project goal is to demonstrate the major components of an DOE Funding FY18: $1,716,373
information-driven biomags supply design that has . DOE Funding FY19: $925,000

potential to reduce harvesting- and storage-related quality Project Status: Ongoing

variations in delivered biomass between annual harvesting
operations. Components include: (1) in-field and in-storage characterization of moisture, carbohydrate, and ash
using a novel near-infrared (NIR) spectroscopic bale probe, (2) storage stability prediction based on
measurable biomass and environmental conditions, and (3) a logistics management algorithm incorporating
yearlong storage performance that selects lots for periodic delivery based on user inputs such as target
moisture and carbohydrate content. Storage performance—i.e., moisture migration and dry matter stability—
will be characterized based on physical and computational models of heat flow, multiphase moisture dynamics,
and biological activity in storage. Research products include improved NIR spectroscopic analytic methods for

Weighted Project Score: 7.7
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total ash in baled corn stover using INL’s bale probe; development of laboratory-proven “first-principles”
models describing storage performance; and demonstration of a logistics system design that uses composition,
storage performance projections, and climate data to reduce composition variations over time. Results to date
show that changes in biomass composition over time can be anticipated and managed to reduce temporal
variations in moisture, carbohydrate content, and ash as a result of carbohydrate loss using a simplistic model
of storage performance; however, more complex models are needed to evaluate commercially relevant storage
conditions in and outside of the U.S. Corn Belt. The complexities of commercial storage systems include
variations in biomass composition anatomical fractionation resulting from harvesting operations, interactions
between stacked bales and the ground surface storage pad, weather climate conditions, and potential storage
improvements such as active and passive ventilation. Ongoing work aims to evaluate the physical, chemical,
and biological phenomena driving biomass storage stability relative to moisture dynamics (wetting/drying) and
biological activity (dry matter preservation); create computational models to test our understanding of these
phenomena; and develop means to employ these principles to reduce temporal variations in delivered biomass
quality during a year’s storage period.
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OVERALL IMPRESSIONS

Overall, this is a well-executed project thus far, with promising results that should pay off in helping
industry create better handling and preprocessing system designs. There are two areas I wish the
presentation and project performers would have taken time to explore, however: (1) the current
economic estimates of the economic effects of the work and (2) the early potential design characteristics
that are developing or what problems the designs need to solve.

This is a very impactful set of work to date that creates a lot of deeper understanding on how bale storage
impacts quality parameters. NIR probe work has been very important and valuable to increasing the
understanding of how bales store. That said, the reviewer is concerned that mitigation techniques are not
clearly defined in the project scope. Ideally, outcome of the future work would educate on how to
maximize storage stability (i.e., new storage practices) or illustrate a method for removing poor-quality
portions from the bale or bale lot.

It was not clear how the NIR probe testing would be scaled up, although that seemed to be one aim of the
work. Consider how red-scale/infrared scans could be correlated with actual probe data such that drones
or other noninvasive approaches could be used to grade bales/bale lots.

This project involves a lot of fundamental research but promises to address and demonstrate very
practical solutions to current problems in the types of herbaceous residue handling activities that are
likely to be the most common in near-term commercial activities. This fundamental research project is
also focused on the end goal of obtaining industry adoption of the fundamentals being researched
(ash/moisture avoidance practices, analytic tools, and biomass storage management practices/tools). The
close linkage between this fundamental research project and the FDC Enterprises field demonstrations of
advanced supply chain practices is a great example of focused, goal-oriented R&D. The substantial
amount of data presented shows that the project is progressing nicely, but actual progress toward the end
of the project goal is difficult to assess at this time.
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Fast physical biomass characterization is important to suppliers when they are paid on a dry-ton basis.

This project has succeeded in developing the tools and models to understand the moisture and dry matter
dynamics of baled stover. This is helpful to inform the storage and use of this feedstock at biorefineries.
Next steps should include expanding this work to include other baled feedstocks.

RECIPIENT RESPONSE TO REVIEWER COMMENTS

The project team thanks the review panel for their time and thoughtful comments. We have worked
extensively throughout the project lifetime to understand the largest cost drivers in harvest, collection,
and storage operations. Under best-case scenarios, storage costs as low as $6.41/t have been reported
within this task previously and are reflected in the analyses of INL’s Feedstock Supply Chain Analysis
task (WBS: 1.1.1.2). Best-case storage scenarios are not always a reality, however, and excess moisture
in bales occurs for several reasons, including harvest timing, field conditions, and climate. The current
research goals of this project focus on optimizing storage conditions to reduce the variability and
improve downstream reliability as biomass enters preprocessing, which ties closely with the goals of the
FCIC. To that end, this task has focused on two reported challenges: (1) variations in bale moisture
content, especially at the upper end of moisture content; and (2) degradation that occurs as a result of
high moisture content over time. Our supply system designs focus on enhancing bale drying rates in
storage—early, before biodegradation occurs—through cost-effective means. These include using
naturally occurring wind patterns through informed site selection and stack configuration, using
microbial-generated heat to increase internal stack temperatures to enhance drying, using multiple
storage methods to balance storage cost and storage performance, and using predictive models based on
physical and biological properties to identify which lots should be delivered at what time to minimize
compositional variations and maximize the value of the harvested biomass.

Integral to this research effort is the NIR spectrometric probe, which was developed to overcome the
challenges of within-bale variations in biomass composition and the need for rapid biomass analysis.
This scope was transferred to this project from the BETO-funded Biomass Alliance for Logistics
Efficiency and Specifications (BALES) High-Tonnage Logistics II project in FY 2019. We agree with
the reviewer’s comments regarding corn stover, and in FY 2020 we plan to expand the use of this tool to
include baled switchgrass. Lessons learned in corn stover and switchgrass will be applied to expanding
the number of commercially relevant baled and bulk biomass feedstocks beyond FY 2022. Although the
current programmatic shift to more fundamental technical research might not permit INL to focus on the
physical probe deployment and pilot-scale storage experiments, we will continue to work closely with
external partners to develop robust and efficient means of probe application and confirmation of
laboratory- and bench-scale results regarding storage stability and moisture migration in storage.

We will continue to apply the tools that this project is developing, such as the NIR probe and the storage
and queuing models, to anticipate and minimize variability such that high-quality biomass can be
provided for preprocessing and conversion.
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DEVELOPMENT OF A WET LOGISTICS SYSTEM FOR BULK CORN
STOVER

Idaho National Laboratory

PROJECT DESCRIPTION

The feedstock logistics supply chain relies on storage to WBS: 1.2.1.1000
supply conversion facilities year-round given that most cID: NLO028567
biomass sources are only seasonally available. An
estimated 60% of available corn stover is projected to be

Principal Investigator: ~ Ms. Lynn Wendt

harvested at moisture contents that exceed 20% wet basis, CEEd o 10/1/2014-9/30/2020
. . . . . Performance:
making it susceptible to microbial degradation when stored
Total DOE Funding: $1,938,454

aerobically. Likewise, corn stover bales are at risk of
catastrophic loss by fire, as evidenced by bale yard fires at ~ DOE Funding FY16: $667,250

biorefineries. Active management approaches in the DOE Funding FY17: $385,000
feedstock logistics supply chain, specifically the use of DOE Funding FY18: $501,204
high-moisture storage, can protect feedstock from loss DOE Funding FY19: $385,000

caused by fire or microbial degradation. Wet logistics
systems using anaerobic storage to provide stable storage
and can be used to enable the nation’s billion tons of biomass. Two barriers to large-scale storage operations
include predicting storage performance at commercial scales and predicting the impact of wet storage biomass
to biochemical conversion approaches. This project explores the possibility of storage add value by reducing
biomass recalcitrance.

Project Status: Ongoing

To understand the degradation potential in biomass stored under such conditions, we developed a numerical
model that mathematically represents the gas and heat-transfer processes controlling dry matter loss and

Weighted Project Score: 8.5
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temperature in storage sites. This model was then tested against field data from a 500-t storage study using
40% moisture corn stover. With primary inputs based on laboratory-measured dry matter consumption rates,
heat- and gas-transfer properties, and on local meteorological data, the model reproduces many primary
observed trends in field data, specifically temperature and gas concentrations as well as dry matter loss over 6
months. The resulting model appears to provide an excellent means of testing how changes to storage
conditions would likely affect storage performance. As storage bulk density decreases and porosity increases,
for example, temperature and degradation increase. This effort demonstrates the impact that storage conditions
could have on performance under commercially relevant settings.

Biochemical conversion approaches rely on pretreatment and enzymatic hydrolysis to create sugar monomers
that can be fermented into biofuels. Aerobic and anaerobic storage methods were evaluated for wet corn stover
in laboratory reactors as well as in the field. Assessment of sugar release as a result of dilute acid or dilute
alkaline pretreatment and subsequent enzymatic hydrolysis suggested that when anaerobic conditions were
maintained in storage, sugar release was either similar to or greater than as-harvested material depending on
the pretreatment chemistry used.

The use of agricultural residues, which are harvested seasonally, necessitates storage to supply a biorefinery
with a consistent feedstock supply year-round. The long residence time of storage offers an opportunity to
perform low-severity treatments that can have benefits downstream. In-storage treatments can reduce costs and
energy consumption of mechanical preprocessing and pelletization, chemical pretreatments, and enzymatic
hydrolysis of complex carbohydrates. To accomplish this, we are using biological and chemical treatments that
use the long residence of storage to begin to break down biomass components—including acetyl and
hemicellulose as well as lignin—thus resulting in a feedstock that is less recalcitrant. Both fungal treatment
and alkali treatment combined with a 1-month storage duration were shown to increase extractable compounds
in the biomass and have promise to indirectly add value to the biomass in the storage operation. The overall
product of this research will be performance data for a range of potential methods to add value in the supply
chain. This research also addresses multiple MYP barriers and contributes to the $2.50/gal goals.

In pile storage model showing dry matter loss and temperature after 200 days
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OVERALL IMPRESSIONS
e Wet storage of biomass is a great area for DOE/BETO to fully understand, most notably the cost
implications as potential value addition is balanced against increased handling costs. An understanding
of the current negative cost state suggests that some discussions of the cost development pathway
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screening to accompany the characterization pathway need to occur with adjacent FSL projects in the
portfolio, perhaps resulting in integration of some concepts to mitigate risks associated with each.

Wet storage treatments have the potential to help normalize feedstocks/blends in support of creating
fungible feedstock.

This project is a valuable contribution to the BETO portfolio because it is developing economically
viable methods to manage high-moisture feedstocks to produce biofuels and bioproducts. The
approaches are well described, and the presentation shows that substantial new information has been
generated that could be very useful to potential project development. Addressing the potential for using
the storage period to partially pretreat the biomass is very positive with exciting impacts. Scaling up the
research is a logical and valuable future work activity. The fact that an industrial partner is already
working on demonstrating the value-added approach is a great success story at this stage in the value-
added component of the project.

Wet bulk storage systems could return to the forefront with new approaches to address dry matter loss
and feedstock quality.

This is one of the most relevant projects in the FSL portfolio. Success here will solve several of the most
pressing problems around feedstock variability, at least regarding corn stover and other materials with
similar qualities. In turn, this would encourage the investment in and building of projects to advance
BETO objectives according to the MYP. There was a good explanation of the applications for the
development of a full commercial-scale storage yard. I am not sure the PIs have thought through other
indirect impacts that this work could have on other parts of the overall enterprise of a cellulosic
biorefinery. With the ability to bale wet material, the current SOT in baling operation costs could be cut
by 10% or more; and if advanced harvest and baling were used, by as much as 50%. Advanced baling
methods would also reduce the ash content of corn stover and in turn solve another of the most pressing
impacts caused by feedstock variability.

This well-designed project has applied principles of ensiling to the storage of corn stover and succeeded
in building a model for biorefineries to use when planning their storage systems. Significant progress has
been made on using the wet storage of this material to the advantage of certain end-use processes.

RECIPIENT RESPONSE TO REVIEWER COMMENTS

The project team thanks the review panel for their time and thoughtful comments. We have worked
extensively during the project lifetime to understand the largest cost drivers in harvest, collection, and
storage operations. Under best-case scenarios, storage costs as low as $6.41/t have been reported within
this task previously and are reflected in the analyses of INL’s Feedstock Supply Chain Analysis task
(WBS: 1.1.1.2). Best-case storage scenarios are not always a reality, however, and excess moisture in
bales occurs for several reasons including harvest timing, field conditions, and climate. The current
research goals of this project focus on optimizing storage conditions to reduce the variability and
improve downstream reliability as biomass enters preprocessing, which ties closely with the goals of the
FCIC. To that end, this task has focused on two reported challenges: (1) variations in bale moisture
content, especially at the upper end of moisture content; and (2) degradation that occurs as a result of
high moisture contents over time. Our supply system designs focus on enhancing bale drying rates in
storage—early, before biodegradation occurs—through cost-effective means. These include using
naturally occurring wind patterns through informed site selection and stack configuration, using
microbial-generated heat to increase internal stack temperatures to enhance drying, using multiple
storage methods to balance storage cost and storage performance, and using predictive models based on
physical and biological properties to identify which lots should be delivered at what time to minimize
compositional variations and maximize the value of the harvested biomass.
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Integral to this research effort is the NIR spectrometric probe, which was developed to overcome the
challenges of within-bale variations in biomass composition and the need for rapid biomass analysis.
This scope was transferred to this project from the “BALES” High-Tonnage Logistics II project in FY
2019. We agree with the reviewer’s comments regarding corn stover, and in FY 2020 we plan to expand
the use of this tool to include baled switchgrass. Lessons learned in corn stover and switchgrass will be
applied to an expanding number of commercially relevant baled and bulk biomass feedstocks beyond FY
2022. Although the current programmatic shift to more fundamental technical research might not permit
INL to focus on physical probe deployment and pilot-scale storage experiments, we will continue to
work closely with external partners to develop robust and efficient means of probe application and
confirmation of laboratory- and bench-scale results regarding storage stability and moisture migration in
storage.

We will continue to apply the tools that this project is developing, such as the NIR probe and the storage
and queuing models, to anticipate and minimize variability such that high-quality biomass can be
provided for preprocessing and conversion.
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SIZE REDUCTION, DRYING, AND DENSIFICATION OF HIGH-MOISTURE
BIOMASS

Idaho National Laboratory

PROJECT DESCRIPTION

In FY 2017, the new processing technologies, fractional WBS: 1.2.1.2

mil!ing, high-moisture pelleting, and 1ow—tempera}ture cID: NLOO26654
drying were developed and demonstrated at the pilot scale el e B e
using INL’s process demonstration unit. TEA of the new p gator: ey

technologies indicated that the corn stover pellet Pttt of . 10/1/2015-9/30/2020
production cost was reduced by approximately 63% Performance: -

compared to a method that is currently followed by the WO [DAOIE (AU el REEE A

pellet industry. High-quality pellets in terms of bulk DOE Funding FY16:  $1,232,500

density, 630-650 kg/m?>, and durability, 98.4%, were DOE Funding FY17: $1,232,500

produced by the new technologies. The studies also DOE Funding FY18: $1,466,804

indicated that efficient moisture management, high- DOE Funding FY19: $925.000

moisture pelleting, and going for 7/16-in. screen in the Project Status: Gngoing

Stage 2 grinder had a significant impact on processing
cost. Several barriers still exist to deploying new pelleting technology to the biofuel and bioproduct markets.
An INL National Renewable Energy Laboratory (NREL) annual operating plan project, FY 2017 2.2.1.102,
and communications with industrial biofuel projects identified biomass particle attrition during preprocessing
as a major issue for both biochemical and thermochemical conversion. Biomass particle attrition is the
unintended size reduction that occurs during grinding and densification, resulting in the generation of increased
fines. These fines are subsequently unrecovered in the downstream conversion processes. The INL NREL
work showed an average mass loss of approximately 35% for corn stover pellets as a result of the generation of
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fines in the range of 400 microns—425 microns. During FY 2018—-FY 2020, the project is extending the state of

the art in biomass pelleting with science-based solutions to improve pelleting efficiencies and to meet the
desired quality specifications. The major impact of this project is that it makes pelleting an economically

viable solution to solve feed handling, quality, and cost issues. The overall objective of the project from FY
2018—FY 2020 is to solve the particle attrition of corn stover during preprocessing and enable pelleting as a
viable option to produce conversion-ready cellulosic feedstocks. This is achieved by conducting fundamental
research that allows proper matching of process variables with material properties to minimize biomass
residence time in the pellet mill. Innovation will occur through an improved scientific understanding of
biomass flow and compaction in a pellet mill, which will lead to technology improvements to produce
optimized pelleted feedstocks. The end of the project goal is to reduce particle attrition during preprocessing of
corn stover by 80%, i.e., less than 7% fines, of 425 microns, compared to the current value, 35% fines. In FY
2018, pelleting tests were conducted using a single pellet press to understand the impact of the pelleting
process conditions, e.g., compressive force from 7 kN—11 kN; preheating temperature, 70°C—110°C; residence
time, 45150 s; corn stover properties moisture content, 10%—20%; wet basis; and screen size of the grind, 1

4-in. and 7 16-in. Results indicated that reduced moisture content of 10% increased the particle attrition,
whereas increasing the moisture content to 15% wet basis (w.b.) and 20% w.b. decreased the fines in the
pelleted material. Also, the study indicated that increased residence times of particles, 150 s, increased the

fines in the pelleted product. At 10% w.b. moisture content and 150-s residence time, 26% fines were found in
the pellets produced using a 6.35-mm grind, whereas increasing the grind size to 11.11 mm decreased the fines
values to approximately 16%—17 %. This study also indicated that the particle size distribution—mean particle
size, D10, D50, and D90—in the corn stover pellets changes significantly with changes in the process
variables. The optimized process conditions to minimize the fines in the pelleted corn stover to 12% were
moisture content of approximately 20% w.b., 7 16-in. screen size of the grind, compressive force 9 kN,
preheating temperature 90°C, and residence time of 45 s.
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OVERALL IMPRESSIONS

Pelleting project relevance and success are notable, and the impact of process improvements is a key
aspect of the biomass fungibility pathway. Congratulations. Great work by the project team.

The reviewer would like to see some more diversity in the solution phase of the future work, especially
regarding approaches to address the ash/fines issue. There are several industrial approaches to fines
mitigation not presented that might be able to leverage even more added value to the process than the
current state and future work plan.

This very technical, narrowly focused project could be very useful to determining whether pellets can be
an economically viable feedstock for bioenergy pathways. The research plan and implementation of the
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plan has been excellent. The targets for the reduction of loss of biomass (particle attrition) were well
defined, and clear progress has been made toward reaching those targets while providing valuable
information about the feedstocks being studied and the composition of pellets. Future work on ash
content removal is relevant. The presentation does not identify whether achievement of pellet technology
improvement targets will result in making blended pellets economic at the total supply chain costs
targeted by BETO.

This project explores opportunities to reduce the cost of processing biomass while improving the quality.

This is a very relevant project in the FSL portfolio. Success here will solve several of the most pressing
problems around feedstock variability, at least regarding corn stover and other materials with similar
qualities. Overall, I found the presentation to be informative about its goals, methodologies, and
contribution to meeting BETO’s goal of commoditizing high-quality biomass feedstock supplies;
however, I find that the presentation is not detailed enough in its cost comparison because it compares
only its cost to conventional pelleting processes. It should also consider avoided costs to current
pretreatment methodologies at an integrated biorefinery research facility. In addition, I am not sure that
the PIs have thought through other indirect impacts that this work could have on parts of the overall
enterprise of a cellulosic biorefinery. If you could bale wet material, the current SOT in baling operation
costs could be cut by 10%; if advanced harvest and baling were used, costs could be reduced by as much
as 50%. The wide adoption of technology will occur only as we understand how it provides overall
economic benefit to the industry it is addressing, which in this case is advanced cellulosic fuels and
chemicals.

This project is succeeding in demonstrating, at the pilot scale, how corn stover pelleting costs can be
reduced and pellet quality can be improved through innovative drying, grinding, and compression
methods.

RECIPIENT RESPONSE TO REVIEWER COMMENTS

In FY 2020, we plan to collaborate with INL BETO projects that use chemical and microbial
pretreatment methods for additional solutions to the fines issue during mechanical preprocessing.
Mechanical methods such as fractionation and milling and mechanical separation techniques will be used
to understand how various fractions, as well as the separation of fines in corn stover, impact the fines
generation during grinding and pelleting. In FY 2020, we will explore chemical and microbial
pretreatments methods tested in WBS 1.2.1.1000 (INL storage project), which can help remove most of
the fines generating biomass components. We are working with the INL analysis team (WBS 1.1.1.2) to
understand the technical and economic impact of using the fines that are generated during preprocessing
for biochar production (which has a higher value as a soil amendment).

The work focuses on improving the quality of the pellets for more reliable conversion performance. Even
though pelleting enables many valuable logistics benefits that include storage, handling, and
transportation, biomass particle attrition or fines in the product is a major impediment to the downstream
conversion processes. INL reliability models also indicated that material properties such as bulk density,
particle size distribution, and fines generated during preprocessing have a large impact on the feedstock
supply cost to the biorefineries. The data generated in this project will be fed to the supply chain cost
models developed in the project (WBS: 1.1.1.2). Also, we would like to clarify that in this project we are
evaluating corn stover pellets, not blended pellets.

Our INL analysis team analyzes the feedstock cost provided to a biorefinery by considering the
feedstock supply, harvesting, storage, preprocessing, and transportation costs. The various projects in the
FSL portfolio provide this information. We will work with our analysis team to consider in the SOT the
impact of baling wet material and the impact of advanced harvesting and baling systems on the total cost
of the feedstock provided to the biorefinery.
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RESOURCE MOBILIZATION (THROUGH COMMODITIZATION AND
TRADE)

Idaho National Laboratory

PROJECT DESCRIPTION

Key factors hampering the establishment of a national WBS: 1.2.15
bior.eﬁning industry are the high cos‘.[s and.uncertainties of . NLO020844
setting up the underlying supply chains, with one of the
largest risks being access to a reliable and consistent

Principal Investigator: ~ Dr. Damon Hartley

supply of biomass feedstocks. Currently, access to Feieiel 10/1/2015-9/30/2020
. s Performance:
feedstocks is exacerbated by the lack of producers willing
Total DOE Funding: $1,086,340

to supply feedstock materials because of the immaturity of
the industry and the personal risks involved in the DOE Funding FY16: $255,000
production of biomass feedstocks. Although the benefits of =~ DOE Funding FY17: $255,000
establishing a biorefining industry include providing jobs DOE Funding FY18: $321,340
and economic revenue, neither of the main actors—grower  pog Fynding FY19: $255,000
or biorefineries—have the perspective needed to solve the
problem. Inherent in the problem is the conflict of interest
between the parties involved: growers want to maximize their profits with limited supply chain buy-in, and the
biorefinery needs to reduce supply costs with very limited bargaining power. The development of this industry
is incumbent on increasing the value proposition to the grower through innovative supply chain and
contracting structures. New feedstock companion markets that have the characteristics of commodity goods
will ultimately reduce both cost and risk to the biorefinery. Companion markets would share new supply chain
infrastructure, invest in new technologies, and contribute to the reduction of supply chain risk. Therefore,
incorporating companion markets into the biomass mobilization strategy would increase recovery and use of

Project Status: Ongoing
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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 into the
development of feedstock supply chains, it will be nearly impossible to meet the BETO goal of fuel at
$2.50/GGE by the year 2030. This project directly supports this BETO goal by examining and identifying the
opportunities that exist to increase value to the grower through comarkets and coproducts and supporting the
mobilization of the billion-ton resource base. 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. Additionally, this project (1) identifies drivers and
barriers to participation for growers potentially supplying biomass, and (2) informs the development of
advanced feedstock supply systems through the development of forward-looking analyses. As a result, this
project helps BETO to guide R&D toward targets and gauge progress on feedstock supply system
improvements across various research areas. Moreover, this project provides an opportunity to evaluate the
feedstock supply system barriers faced by an expanding bioenergy industry in the United States.
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OVERALL IMPRESSIONS

o This project’s goal is to identify and model socioeconomic behavior that will suggest strategies to
increase farmer/producer participation in the biomass supply chain to support a growing bioeconomy.
More work is needed not only on suggesting strategies but also on how to implement these strategies.
Farmers are innovative but also slow to change from practices used for generations, and this will prove
to be challenging.

e This is a very important project/effort.
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e Deeper understanding of socioeconomic impacts on the adoption of biomass production is very much
needed. Answering such questions at the necessary local (for accuracy) and regional/national (for policy)
levels is extremely difficult. The project approach to build models and continue to add layers is
reasonable; however, as noted by several members of the review panel, decision-making methodologies
of farmers—when a lower price is the target—are very vast and fluid. The project needs to include more
experience in this space, perhaps via more direct USDA partnership and relevant industry suppliers, to
be able to have models that can be used to enable any short-term advance in feedstock availability.

o Fungibility of feedstocks via the depot concept is a parallel approach that would drive a different set of
socioeconomic drivers, and based on the SOT analysis seems a reasonable way to focus the efforts as
well as simplify the modeling to provide more clarity for policyholders.

o The reviewer would like to see some beta test cases applied in the future to validate models and to
initiate “practice” policy models.

o The project has a worthy goal of trying to explain and model how socioeconomic factors affect grower
decisions to produce new crops or modify existing crop production strategies to provide reliable supplies
of bioenergy feedstocks; however, it is difficult to understand how the proposed management and
technical approaches will achieve that goal. The project claims to be using “innovative” methods to
evaluate barriers and opportunities for mobilizing resources; however, graphic results are shown without
any explanation of which methods were used to derive them. The information on supply push
developments that could result from reduced European demand for pellets is interesting, but the
relationship to describing grower participation in providing feedstock supplies is not well explained. It is
very unclear how the project will be able to meet the go-no-go goal of producing meaningful scenarios
of strategies that are likely to increase grower adoption.

e Willingness for growers to participate in a bioeconomy is a complex socioeconomic problem.

o This socioeconomic analysis of feedstock growers’ participation in the bioeconomy is a critical piece of
modeling that needs to be closely integrated with other supply models. Progress here and plans to
integrate this model with others being developed needs to be more fully explained.

RECIPIENT RESPONSE TO REVIEWER COMMENTS

o We agree with the reviewer that the decision-making process employed by farmers is very heterogeneous
and inconsistent depending on the scenario. We also agree that direct input from the producers and
stakeholders is an invaluable resource when developing models like this. Throughout the project, we
have been in contact with extension agents who work with the producers of bioenergy crops as well as
businesses that are currently growing crops that could be used as bioenergy feedstocks. As the project
continues, we plan to continue this dialog and hope to benefit from the knowledge gained through
research projects such as the Sustainable Landscape Design (WBS 4.2.2.62), which is being led by the
ANTARES Group and is collecting information about decision-making in terms of energy crops, directly
from farmers.

e We are approaching the modeling in a stepwise approach in which behaviors and decision-making
processes are being added to the model in a manner that allows for verification and validation. This type
of modeling does not dictate the actions of the agent but rather institutes a set of rules that the agent must
follow. Implementing the sets of behavioral rules in this stepwise manner allows us to ensure that the
behavior that we have included in the model adheres to the specified rules and that the specification of
the behavioral rules are manifesting behaviors that are reasonable.

e The presentation of this project represented two separate annual operating plan cycles, and between
those cycles, the focus of the project morphed from a market analysis to a focus on the methods to affect
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the adoption and implementation of bioenergy feedstocks. The information that was presented
encapsulated two projects. Also, to represent all the work that had been completed, an overview of each
was presented rather than a deep dive into a single topic.

o We agree that the impact of this project will be greater if the results are more fully integrated into the
other modeling efforts; however the modeling that has occurred thus far has been different temporally.
The modeling for the SOT projects is based on a mature industry, or n”-plant scenario, and the feedstock
supply analysis modeling is focused more on the potential that “could” realized given a set of future
conditions and prices. The focus of this project is to try to understand the steps needed to attain the
potential described by the feedstock supply analysis and ultimately reach the n”-plant scenario described
by the SOT analysis.
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BIOMASS SUPPLY CHAIN RISK STANDARDS
Idaho National Laboratory

PROJECT DESCRIPTION

The Biomass Supply Chain Risk (BSCR) standards project  \gs: 1.2.2.2

was conceived to solve the problems of high costs of debt cID: NLO019449
and slow takeoff of bioenergy projects in North America.
Both issues are linked to poor understanding of the

Principal Investigator:  Dr. Shyam Nair

underlying supply chain risks, the inconsistent way the el e . 10/1/2014-9/30/2021
risks are evaluated by different stakeholders, and Performance: -

asymmetry of information on the risks. A three-phase Lo 1o, Y3 AT S AR

approach was established to address the financial DOE Funding FY16: $752,250

challenges of bioenergy projects. Phase I included the DOE Funding FY17: $993,250
development of a BSCR standards framework database, DOE Funding FY18: $1,267,089

hoqu.:d at INL’s Bio.ene'rgy Feedstock Li}:)rary (.BFL)., to DOE Funding FY19: $1,011,298

identify risk categories in the supply chain, various risk Project Status: O

factors within each identified risk category, and various
risk indicators within each identified risk factor. This is accomplished with inputs from a bioenergy industry
stakeholders' group and an advisory board, together comprising more than 100 members, which were formed
for this project. The current BSCR standards framework consists of six risk categories: supplier, competitor,
supply chain, feedstock quality, feedstock scale-up, and internal organization. These risk categories represent
more than 300 risk indicators categorized into the multiple risk factors identified for each risk category. The
main focus in Phase II will be on developing a risk scoring and rating methodology that will be implemented
using the database to allow consistent estimation of biomass supply chain risks for a bioenergy project as well
as to demonstrate real-life reduction of the cost of debt coupled with a consistent understanding of risk,
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regardless of who conducts the assessment. In Phase III, the BSCR standards database, risk scoring, and rating
methodologies will be verified across multiple bioenergy projects, and further efforts will be directed toward
establishing an independent, industry-led standardization agency, a certification agency, and accreditation of
the standards by ANSI.

Throughout all phases, a goal of this project is to provide state-of-the-science guidance for mitigating or
assessing each risk indicator through identified resources, data, or knowledge built from existing data. The
BFL houses not only the BSCR standards framework database but also a large amount of data on biomass and
feedstocks across the United States, including analytic and metadata on more than 70,000 samples. For this
project, publicly available BFL data will be formed into data sets, reports, and other tools to provide guidance
on understanding and mitigating risk for relevant risk indicators. In addition, efforts are focused on creating a
relevant data set and building a knowledge base for relationships between biomass variability in chemical
characteristics and agronomic and environmental factors using historic data collected through the Regional
Feedstock Partnership.

Using this three-phase approach, this project aims to demonstrate the utility of the BSCR to (1) more
accurately quantify biomass feedstock supply chain risk and (2) verify the degree to which this standardized
approach can decrease the debt costs of bioenergy projects based on real before/after investment data from
actual bioenergy projects that require financing. The application of the developed potential BSCR standards
and risk scoring and rating methodologies will be used with a case study to demonstrate a reduction in the
project risk score of > 50%.

Rating Marks for Long-Term Bonds Definitions
Most likely that debt obligations will be honored

igh likelinood that debt obligations will be honored.

. . . . R
Potential ratings increase with e e e

Biomass Supp'y Chain RiSk Stamdar . There is a likelihood thal debt obligations will be honored,

but compared to the higher rating (A), there is the

\ possibility of a diminished likelihood of debt repayment
Repayment does not pose a problem at present

but may become problematic in the future.

Probability of repayment is weak, with cause for concem.

_Repayment is uncertain and there is the danger .

Typlcal bioen ergy prOjeCt pfdefauh on debt obligations as a real possibiitg.
ratings are in the junk region High likelihood of default on debt obligations.
I Extremely high probability of default on 7

Ij:vw debt obligations.

Defaulting on debt obligations.

Note: Credit ratings range from AAA to D, and are further subdivided into a total of
20 ratings (see chart) by the use of plus and minus signs for ratings AA to B.

Photo courtesy of Idaho National Laboratory

OVERALL IMPRESSIONS

o This is interesting on a conceptual basis. Normally, one is reviewing the technical merits of a project that
will hopefully solve a technical problem that is holding the biomass energy industry back. This is usually
with a new conversion technology or some type of processing issue. This is extremely important work,
however, because supply chain risk is one that the industry has never addressed in this manner. The
rating agencies, i.e., Standard & Poor’s, have never been able to assign ratings that take projects that are
using conventional technologies or not out of junk financing status, which takes many projects out of
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play because of the high borrowing cost. A successful outcome with this project will ensure the building
of many projects.

This project is a great effort in the direct response to feedback from earlier peer reviews. The TEA
modeling (from other presentations) showed interest rates as the top cost sensitivity in the current n"-
plant models; thus, the importance of success in this project should be a high focus for BETO (or else we
will need to rely on the USDA to provide financing for some time).

The approach and progress both seem sound. The reviewer understands there to be very good industry
involvement but suggests vetting the list once more to ensure that the actual end user/stakeholders will
endorse and use the rating as soon as the work is done.

Often the result of looking deeper into factors and applying variation factors to n”-plant models is
understanding that there is/are more risk(s) than originally perceived; thus, finalization of a feedstock
supply risk reduction should be executed in tandem with variation control activities in other areas
identified by the TEA team and presented together to avoid a swing in risk perception by investors.

The need to better understand risk has been a major problem for research funded by DOE on all aspects
of bioenergy development and demonstration since day one of DOE involvement (40 years ago). The
creation of usable risk assessment tools could be a major assist to getting successful demonstration
projects online and supporting the advancement of commercial enterprises. The extensive involvement
of stakeholders in developing this risk evaluation tool is expected to contribute greatly to its usefulness.
The need to balance detail and complexity with conciseness and ease of use will be ongoing. An
aggressive effort to communicate the availability of this tool to a large array of potential users needs to
be included in future plans.

A supply chain risk tool can highlight areas that might otherwise be overlooked.

Modeling feedstock supply risks will help credit sources understand aspects of the bioeconomy that they
understand poorly now. This will help reduce capital costs if done accurately. Verifying the model
developed here will be difficult because of the limited number of real case studies that exist.

RECIPIENT RESPONSE TO REVIEWER COMMENTS

The reviewer’s comment that “a successful outcome with this project will ensure the building of many
projects,” is encouraging and confirms our belief.

The project has vetted the FY 2018 BSCR standards with members of the advisory board and key
industry stakeholders. This has resulted in a revision of the standards with primary focus on removing
redundancies, consolidating risk indicators, and adding guidance to risk scoring to enable the actual end
user/stakeholders to use the rating system effectively. The revised BSCR standards and the risk scoring
and rating methodology with example application will be available for review at the end of FY 2019.
The BSCR standards team is working in tandem with other TEA teams and other researchers at the
national laboratories to ensure that results from this research are considered in the guidance for
mitigating risks as well as for scoring and rating the risks. The BSCR standards database is designed to
accept and review comments, store them in perpetuity, and accept changes to guidance for risk
mitigation, scoring, and rating by team members in response to review comments or new research in the
future directly from the advisory board and industry stakeholders' group. Additionally, the BSCR
standards database is currently available online through the BFL
(https://bioenergylibrary.inl.gov/Home/Home.aspx) and will made publicly available when the standards
are finalized.

The project recognizes the importance of disseminating the information on the risk scoring and rating
tool to the stakeholders, and it has therefore submitted a separate proposal to BETO for technical
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commercialization funding with matching interest from Canada with the sole purpose of accelerating the
design and implementation of an outreach and communications plan. A key part of the effort is to get the
BSCR standards accepted and accredited by Canadian and U.S. standards programs, such as the
Standards Council of Canada and ANSI. Additionally, the BSCR standards database is currently hosted
on the BFL (https://bioenergylibrary.inl.gov/Home/Home.aspx) and will made publicly available when
the standards are finalized.

o This project has focused on gathering industry input from multiple facets of the supply chain to identify
all the risk indicators that should be considered in the framework. This approach was intended to capture
a large breath of risk and prevent “overlooking” aspects of risk that should be considered.

e The project understands the challenges posed in developing realistic case studies for the verification of
the risk scoring and rating methodology. Ecostrat is a subcontractor for the BSCR standards project and
a key member of the team with considerable experience in the biomass supply business. With the
contribution from Ecostrat and other key stakeholders, we believe that we can design realistic case
studies well in advance of the FY 2020 go-no-go decision on the project. Note that the case studies used
throughout the project are intended to be reviewed and approved by the advisory board.
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DEMONSTRATION OF AN ADVANCED SUPPLY CHAIN FOR LOWER
COST, HIGHER QUALITY BIOMASS FEEDSTOCK DELIVERY

FDC Enterprises

PROJECT DESCRIPTION

This project demonstrated an advanced biomass supply WBS: 1.2.3.106
chain for high-impact, high-quality feedstocks from the cID: EE0006300
field to the throat of a biorefinery. In doing so, the project

. . . . Principal Investigator: ~ Mr. Kevin Comer
addressed several key technical barriers identified by the Bl I v

BETO biomass feedstock supply platform. This project Egg‘g?n?;nce' 9/30/2013-3/31/2018
built on the earlier supply chain innovations of project :
Total DOE Funding: $5,400,000

team members to reduce feedstock costs. This work
highlighted key gaps throughout the supply chain where Project Status: Sunsetting
biomass harvesting and preprocessing costs could be further decreased while maintaining the end user’s
feedstock quality specifications.

This effort included designing and deploying new systems associated with end-use processing (new milling
equipment, advanced bale handling, NIR monitoring and sampling, etc.), further refinement of feedstock
production equipment developed and demonstrated under prior efforts and testing by this and other project
teams, and demonstration of new feedstock harvest and logistics equipment. Importantly, this included the
development of equipment and processes to provide biorefiners and harvesters the flexibility to produce and
use round and/or square bales more efficiently and cost-effectively than is possible using today’s off-the-shelf
conventional equipment. The project team designed, fabricated, and tested several new equipment innovations,
conducted commercial-scale biomass harvest demonstrations, developed, and tested new methods for
analyzing biomass feedstocks with NIR methods both in the field and in a process line, and addressed soil

Weighted Project Score: 7.8
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sustainability issues. Biomass preprocessing testing was also performed at pilot and commercial scales. The
testing revealed new results that could better inform future equipment and system designs for preprocessing
herbaceous biomass in a manner required to meet biorefinery specifications.

Photo courtesy of FDC Enterprises

OVERALL IMPRESSIONS

e (Great progress was made here developing prototype equipment for efficient bale-handling systems in the
field, in transportation, and at the refinery. Manufacturers were engaged throughout the process, and
systems were adequately demonstrated.

o This is a big project with a lot of moving parts (literally) that was able to develop and demonstrate
several different front-end equipment systems. The project took considered needs along the entire
system, including labor, soil health, and existing industry. The project developed several working
systems, including one that has already been scaled up at POET-DSM Advanced Biofuels. The presenter
did a good job of illustrating the design-build-test-learn (DBTL) cycles used to succeed.

o This project has a full complement of work in terms of feedstock supply and logistics from the in-field
crop to the reactor throat. NIR analysis results, not yet available, will provide more information on the
feedstock characteristics and potential end uses.

48 FEEDSTOCK SUPPLY AND LOGISTICS



2019 PROJECT PEER REVIEW

This is a good project that achieved favorable results and will help BETO reach its goals in the MYP of
providing terrestrial feedstock in the form of corn stover to a reactor at $84/dry ton. That said, I believe
that the results would be even better if these were compared to other similar operations, and cost
comparisons were made. I think the project slips somewhat into a one-size-fits-all approach. For
example, if you use a single-pass machine (combined with a baler attached) or a wind-rowing variable-
rate corn head, you cannot separate the corn harvest from the stover harvest even though the stover might
not be ripe for harvest simultaneously with the grain.

This is an extremely comprehensive project aimed at increasing the probability of making the feedstock
supply chains of corn stover and some herbaceous crops economically viable with boots-on-the-ground
work. Much was accomplished in the 5-year time frame of the project. The project is a great example of
what can be accomplished by a team of private-sector stakeholders working in collaboration with
researchers and project developers.

RECIPIENT RESPONSE TO REVIEWER COMMENTS

The recipient choose not to respond to the reviewers’ overall impressions of their project.
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NEXT-GENERATION LOGISTICS SYSTEMS FOR DELIVERING OPTIMAL
BIOMASS FEEDSTOCKS TO BIOREFINING INDUSTRIES IN THE
SOUTHEASTERN UNITED STATES

University of Tennessee

PROJECT DESCRIPTION

The diverse portfolio of biomass sources that is available WBS: 1.2.3.107
in the Soutl.leastern. United States, including a signiﬁcz'mt cID: EE0006639
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 reducing cost. Key developments being ~ Project Status: Ongoing

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 use 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. New NIR sensor
technology will be developed for online monitoring of important biomass properties. 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 for
the operation of larger biorefineries.

Principal Investigator:  Dr. Tim Rials

Period of
Performance:

Total DOE Funding: $3,726,000

2/1/2016-1/31/2020
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Photo courtesy of University of Tennessee

OVERALL IMPRESSIONS

This project seeks to tap the woody and grassland resources of the Southeast in creative and synergistic
ways. The novel idea here is to combine raw feedstocks in ways to meet quantity and quality
requirements of a variety of bioproduct conversion processes. It remains to be seen how widely this
technique will be adopted by a nascent bioeconomy, but the idea is intriguing.

This is a key project in support of the SOT effort to reduce the cost of feedstock (depot concept).

Despite some setbacks with regard to losing their site partner, the project has worked hard to prove out
the concept and identify a new partner. The project will run over on time but not cost.

The project contained all the needed components for feedstock supply chain system evaluation in the
Southeast and pulled together an excellent team of collaborators. The evaluation of feedstock supply
scenarios using depots and pelleting to assist in meeting storage and quality standards for biomass
feedstock supplies is conceptually a valuable contribution to the BETO portfolio. There are hints that
much good work has been accomplished; however, the presentation did not contain enough information
to properly assess the progress or the likelihood of the project goals being accomplished.
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o The project addressed a variety of identified FSL barriers. Methods explored for increasing pine biomass
from the stump to the mill do not seem to require a large additional capital investment by traditional
logging firms.

¢ [ would have welcomed some detail about the relevance of past work and its relationship to this work in
the presentation. The economics of operating an advanced merchandising depot were discussed, but I
could not determine if the costs of getting raw biomass supplies to the depot was part of this work. If it
was, it was not clear; and if it was not, [ would have expected it to be included. Their reliance on
switchgrass in this work and system makes for a better system, especially at large scales, but the barrier
of access to potential large supplies necessary to operate this type of depot could seriously impair the
development of this type of system.

RECIPIENT RESPONSE TO REVIEWER COMMENTS

The recipient choose not to respond to the reviewers’ overall impressions of their project.
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IMPROVED ADVANCED BIOMASS LOGISTICS UTILIZING WOODY AND
OTHER FEEDSTOCKS IN THE NORTHEAST AND PACIFIC NORTHWEST

The Research Foundation of The State University of New York College of
Environmental Science and Forestry

PROJECT DESCRIPTION

The goal of this project is to reduce the delivered cost of WBS: 1.2.3.108
hybrid poplar in the Pacific Northwest and willow woody cID: EE0006638
crops in the Northeast to $84/dry ton ($92 dry Mg) by
optimizing and demonstrating a supply system while

Principal Investigator:  Dr. Tim Volk

maintaining the quality of the biomass. The project is PO Clf 4/1/2016-6/30/2019
.. . oy Performance:
divided into five task areas: (1) harvest and logistics, (2)
Total DOE Funding: $2,320,182

transport and storage, (3) preprocessing, (4) feedstock
characterization, and (5) logistic and economic modeling. Project Status: Ongoing

Tasks are integrated using an iterative process involving data collection from commercial harvests, provision
of these data to modeling teams, and addressing data goals or application of suggested improvements in
subsequent harvests. During this project, almost 800 wagon loads of willow and poplar chips were harvested
and monitored in a wide range of field and crop conditions as part of Task 1 to assess the effect on machine
performance and fill specific data gaps identified by the modeling task group. Studies of woody crop chips
stored over time in Task 2 has provided valuable insights on how season, preprocessing, pile construction, and
protection of piles affect dry matter loss, moisture, and other quality attributes. Some results raise questions
about how quality is tied to biomass value and how growers are compensated for the material that is delivered.
Field trials suggest that bulk density of willow chips is more variable in collection vehicles than has reported in
the literature using standard methods on small containers. This has implications for cost and environmental

Weighted Project Score: 8.3
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modeling of these systems. Task 3 process demonstration studies at INL suggest that high moisture
densification and coarse grinding of willow and poplar reduce energy consumption by 20%—-40% for
densification. In addition, partners have identified the best choice of time and temperature to optimize the hot
water extraction preprocessing technology and provided the necessary model inputs so hot water extraction can
be included in the INL Biomass Logistics Model. In Task 4, wet chemistry data from 77 samples was used to
develop NIR models, and spectra for more than 1,500 willow and poplar samples were collected. In Task 5,
each of the three modeling efforts was impactful: Integrated Biomass Supply Analysis and Logistics modeling
has shown that costs range from $26 to $45 per Mg and are lowest when silage trucks are collection vehicles.
The West Virginia University model completed an optimized siting model identifying 15 potential locations
for biorefineries in the northeastern United States and delivered biomass cost ranged from $68 to $87 dry Mg
based on site and social factors.

OVERALL IMPRESSIONS

o This project addressed the highest cost aspects of SRWC production (harvesting and handling) and
demonstrated ways to improve the state of the art and reduce costs. Progress was also made in exploring
one option for feedstock upgrading using hot water extraction technology.

o This is a good project that created a lot of frontend data and laid groundwork for logistics needs for
short-cycle woody biomass as well as compositional effects of storage. Effort changed the minds of
several existing biomass operations with regard to taking willow into their operations, to the point where
a competitor in Canada appeared. Finalizing the project will be important; it seems like there is a lot to
do to finish runs at the Biomass Feedstock Process Development Unit.

o This project has a great team of collaborators with the correct expertise to develop information needed
by BETO to meet national goals of developing sustainable technologies to provide a secure, reliable, and
affordable woody feedstock supply for the U.S. bioenergy industry. This project has gone a long way
toward catching up with the types of handling, storage, and processing information already known about
corn stover and switchgrass so that SRWC have every possibility of being a feasible and desirable
feedstock in regions where willows and poplars make the most sense as dedicated crops for bioenergy
and bioproducts. The involvement of the private sector and state agencies in the project should accelerate
the possibility that commercial entities will use the information. This integrated systems project appears
to be progressing very well with all tasks; however, much work remains to pull all the information
together for final reports and dissemination to stakeholders.

o This project provided a full complement of tasks for understanding the complexities of harvesting
coppiced woody biomass.

e The project performers created a presentation that is clear, concise, and well executed. When completed,
the project can have a solid effect on the bio-based economy by promoting the use of SRWC as a viable,
high-quality, and sustainable source of feedstock. The only real weakness I see in the project and
presentation, however, is that there was no attention in the future work on how to promote the use of
these feedstocks and get our agriculture community to grow them.

RECIPIENT RESPONSE TO REVIEWER COMMENTS

The recipient choose not to respond to the reviewers’ overall impressions of their project.
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WASTE TO WISDOM: UTILIZING FOREST RESIDUES FOR THE
PRODUCTION OF BIOENERGY AND BIOBASED PRODUCTS

Humboldt State University
PROJECT DESCRIPTION

Overcoming the barriers to using low-value forest residues  wpgs: 3.4.1.4
that are generated from forest management activities can cID: EE0006297
be accomplished by employing biomass conversion :
p y ploying . . Principal Investigator: ~ Dr. Han-Sup Han
technologies. At present, the greatest obstacle to increasing

the use of these materials is the high transportation cost. Egg‘g?n?;nce' 9/30/2013-12/31/2017
Biomass conversion technologies can convert comminuted :
Total DOE Funding: $5,881,974

forest residues into biochar, torrefied pellets, and
briquettes, thereby improving their market desirability, Project Status: Sunsetting

increasing their value, and increasing transportation efficiencies. The Waste to Wisdom project was part of the
Biomass Research and Development Initiative, and funded by DOE (DE-EE0006297) at $5.8 MM. Our
interdisciplinary research team—comprising academics, business professionals, and land managers—worked
together for approximately four years (September 2013 to December 2017) to (1) develop system logistics that
improve the economics, accessibility, and production of high-quality feedstock; (2) evaluate and scale up
stand-alone biomass conversion technologies that are operated at or near the forest for their commercialization;
and (3) perform economic analyses and life cycle emissions analysis to enhance the sustainability of biomass
use through improved knowledge of socioeconomic and environmental benefits. The Waste to Wisdom project
found that the commercialization of biomass conversion technologies has the potential to improve the
economics of forest management activities, improve forest health, reduce catastrophic wildfire, sequester
carbon, and reduce GHG emissions. In addition, the project could create employment in the forest and energy
sectors, support economic development in rural areas, and effectively reduce our nation’s dependence on fossil
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fuels by incorporating renewable fuels into current bioenergy and coal-fired energy facilities. We encourage
those who are interested to visit the project web site (http://wastetowisdom.com/) to learn more about the
team’s research on feedstock development, biomass conversion technologies, and the financial and
environmental benefits of using forest residues for the production of bioenergy and bio-based products.

OVERALL IMPRESSIONS

This project explored ways to reduce the environmental and carbon impacts of current logging slash
disposal practices in the Northwest while creating value-added products from this otherwise unavailable
material. Unfortunately, the economics of this practice are still far from practical without allowing for
the value of certain intangible benefits to the environment (e.g., air quality improvements, fire
suppression).

This is a good project result with no scaling factor to commercial scale as well as some reasonable
window for commercial viability. The concept solves a real technical problem on how to handle forest
thinnings in a practical way; however, the project did not seem to have a well laid out commercialization
plan, and thus focus on the business case needs to be executed to validate the financial assumptions and
define a commercialization partner/municipality.

This project explored a wide variety of topics that add value to biomass prior to delivery to an end-user
facility.

Forest residue has long been looked at for use as a fuel or feedstock and is a significant resource
according to the 2016 Billion-Ton Report; however, as most know, it is challenging from an economic
standpoint to create a profitable enterprise. This project addresses that by bringing three different
conversion technologies to the forest and then creating useful and profitable products at demonstration
scale. A good marketing plan could help create some positive commercial activity around this concept
and help elevate the work BETO is doing.

The project achieved its stated goals of producing products from forest residues, developing three
feedstock processing systems that could be performed near forestry operations sites, and evaluating the
feasibility of the feedstock products for economic viability in bioenergy and bioproduct markets. An
outcome of the project was the development of a baler for forest residues that might be a useful first step
in other systems using forest residues. Demonstrations of the three process systems provided the
information needed to evaluate costs and identify efficiency factors. The reported total system costs of
producing biochar, biomass briquettes, and torrefied briquettes were too high to be useful in supporting
the achievement of the bioenergy cost goals of BETO, though information was gained on improving
efficiencies of the systems. The biochar product was the most interesting product because it might have a
bioproduct market in some locations, and it has strong environmental benefits (soil remediation and
carbon sequestration in the soil).

RECIPIENT RESPONSE TO REVIEWER COMMENTS

The recipient choose not to respond to the reviewers’ overall impressions of their project.
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CEMAC: EVALUATION OF AGRICULTURAL EQUIPMENT
MANUFACTURING FOR A BIO-BASED ECONOMY: NREL

National Renewable Energy Laboratory

PROJECT DESCRIPTION

This study analyzes agricultural and preprocessing WBS: 6.3.0.8
equipment and manufacturing requirements to support the cID: NLOO30036
mobilization of the projections in the DOE 2016 Billion-

. . . _p Principal Investigator:  Dr. Chad Augustine
Ton Report using the conventional supply chain logistics. Bl I ugust

The report discusses the required number of agricultural ol o 10/1/2016-3/31/2018
. . . . Performance:
machines and their market values, the drivers and barriers
Total DOE Funding: $93,900

of the transition in agricultural equipment, the potential
economic impacts to the United States associated with this ~ DOE Funding FY16: $50,000

transition, and the factors that impact the transition in DOE Funding FY17: $6,000
agricultural machinery to support the growth of a large- DOE Funding FY18: $37,900
scale biofuel and bioproduct industries. DOE Funding FY19: $0

Project Status: Sunsetting

Five major biomass resources are selected for the analysis
of feedstock equipment and manufacturing requirements to support the mobilization of commercial quantities
of biomass resources using the conventional supply chains: corn stover, switchgrass, miscanthus, coppice
woody crops, and non-coppice woody crops. Based on the 2016 Billion-Ton Report, 304 million—652 million
tons per year of these biomass resources are available from agricultural lands in the United States. Using the
Oak Ridge National Laboratory Supply Characterization Model, the selected biomass resources could support
an estimated 240-358 potential biorefineries that convert 230 million—340 million tons of selected biomass
resources to biofuels annually. In the short term, it is estimated that approximately 280,000 pieces of
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equipment with a market value of $36 billion would be required to harvest and deliver the biomass to the
biorefineries. In the long term, this number is estimated to be approximately 380,000 pieces with a market
value of more than $47 billion. Analysis of the current U.S. agricultural equipment manufacturing industry
suggests that approximately 70%—-80% of total U.S. agricultural equipment demand is supplied from domestic
manufacturers. Assuming that U.S. agricultural equipment manufacturing under the 2016 Billion-Ton Report
scenarios are similar, the sum of direct long-term employment impacts from U.S. agricultural equipment
manufacturing is more than 56,000 full-time equivalent job years, and the sum of the total long-term impacts is
more than 340,000 full-time equivalent job years. The domestic manufacture of the required equipment would
result in almost $11 billion in direct value added (contribution to the gross domestic product [GDP]) and
nearly $40 billion in total value added (contribution to the gross domestic product) during the long term. These
are upper-end estimates because they assume that 75% of all agricultural equipment is manufactured
domestically and that all required agricultural equipment is newly manufactured.

The study identifies and studies several recent transitions that took place in the agricultural farm machinery
and the preprocessing equipment. These transitions are evaluated to outline the drivers and barriers of these
new pieces of equipment. These transitions also provide insights into the transition needed from existing
biomass supply chain systems to advanced supply chains. The project team completed this task by contacting
and interviewing the companies behind the development of these pieces of equipment. Farm machinery supply
chains need strong signals from biomass producers, biomass logistics companies, and biomass end users to
tackle the barriers for the adoption of new technologies.

OVERALL IMPRESSIONS

¢ Understanding the harvesting equipment needs to satisfy a hopeful large buildout of biomass production
is important to educating the suppliers as well as the users. The project used several very key
assumptions to scope the work that, once built out, paints a relatively clear picture for the future.

e The SOT moves toward blended feedstocks, pelleting, ownership, and other cost drivers, however, will
likely significantly change the conclusions of this study, and as a result should also be modeled to fully
build out the equipment supply picture.

o This was a straightforward, well-focused project addressing relevant and important questions about
potential equipment manufacturing requirements as well as potential impacts on jobs and GDP. The
approach was excellent in terms of using expertise from the DOE laboratories involved in considering
feedstock supply issues and in communicating discussions of the issues together with industry
stakeholders. The objectives of the project seemed to be totally addressed, the results were presented
very clearly, and a well thought out interpretation of the results was included in the presentation. This
analysis is a good complement to the Feedstock Supply Chain Analysis and the Supply Scenario
Analysis projects also funded by BETO. As with all these modeling efforts, the results are useful for
planning and communicating what a future situation might look like but are not predictive with the many
changes in supply chain details that will inevitably occur.

o This project provides insight into how the feedstock supply chain could positively impact equipment
manufacturing and jobs.

e [ think interfacing more with industry would have helped clarify the size of this potential requirement as
it relates to the existing agricultural equipment market. For example, although the tractor market in
North America is some 280,000 units, only 10% of these are in the high-horsepower category, the size
needed to operate the various implements in either the baling or chopping scenario. Therefore, in the
baling scenario, estimates are for approximately 50,000 units in the short-term, early-development phase,
equal to +/- 200% of today’s production. This could also be said of the balers and forage choppers.
Depending on the ramp-up of the industry, this could put tremendous pressure on the industry in terms of
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manufacturing capabilities on all fronts: manufacturing facilities, engineers, steel fabricators, labor,
dealers, and parts manufacturing, to name a few.

o This project made a first attempt to estimate the machinery requirements for bioenergy feedstock
harvesting and handling in agricultural systems across the United States and to estimate the economic
impact this might have on the country. Assumptions made to model this impact are enumerated, so
adjustments can be made if different assumptions are deemed to make more sense.

RECIPIENT RESPONSE TO REVIEWER COMMENTS

The recipient choose not to respond to the reviewers’ overall impressions of their project.
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INTRODUCTION

The Feedstock-Conversion Interface Consortium (FCIC) Technology Area is one of 14 related technology
areas that were reviewed during the 2019 Bioenergy Technologies Office (BETO) Project Peer Review, which
took place on March 4-7, 2019, at the Hilton Denver City Center in Denver, Colorado. A total of nine projects
were reviewed in the FCIC session by five external experts from industry, academia, and other government
agencies.

This review addressed a total U.S. Department of Energy (DOE) investment value of approximately
$40,274,601 (Fiscal Year [FY] 2016-2019 obligations), which represents approximately 2% of the BETO
portfolio reviewed during the 2019 Project Peer Review. During the Project Peer Review meeting, the
principal investigator (PI) for each project was given 20 to 40 minutes (the presentation length was shortened
for the consortium overview presentation) to deliver a presentation and respond to questions from the review
panel.

Projects were evaluated and scored for their project approach, technical progress and accomplishments, and
relevance to BETO goals. An additional presentation was dedicated to future work and plans of the FCIC. This
section of the report contains the results of the Project Peer Review, including full scoring information for each
project, summary comments from each reviewer, and any public response provided by the PI. Overview
information on the FCIC, full scoring results and analysis, the Review Panel Summary Report, and the
Technology Area Programmatic Response are also included in this section.

BETO designated Mr. Beau Hoffman as the FCIC Technology Area review lead, with contractor support from
Mr. Andrew Kobusch (Allegheny Science & Technology). In this capacity, Mr. Hoffman was responsible for
review planning and implementation with support from Dr. Mark Elless and Ms. Liz Moore, who represent the
Feedstock Supply and Logistics (FSL) and Advanced Development and Optimization (ADO) programs,
respectively.

FEEDSTOCK-CONVERSION INTERFACE CONSORTIUM OVERVIEW

Many process bottlenecks and difficulties experienced in the nascent bioenergy industry are centered on
feedstock handling and preprocessing operations. These issues often arise from the complexity in feedstock
physical, chemical, and mechanical attributes that are present in lignocellulosic biomass feedstocks. The FCIC
seeks to quantify, understand, and manage variability in biomass feedstocks, from field through downstream
conversion, and to understand how biomass composition, structure, and behavior impact system performance.
The FCIC ultimately aims to develop first-principles-based knowledge and tools for technology development
firms to use when designing, building, and operating biorefineries and to develop a framework through which
technology developers can assess the quality and value of streams to achieve successful operations.

The FCIC began as a virtual consortium incorporating research-and-development (R&D) efforts from BETO’s
FSL, conversion, and ADO programs. Several projects from the FSL and conversion programs were integrated
into this consortium. The consortium at its inception in FY 2018 focused on six key tasks: Feedstock
Variability, Feedstock Physical Performance Modeling, Process Integration, System-Throughput Analysis,
Process Controls and Optimization, and Industry Engagement/Project Management. Building on experimental
and modeling developments, in FY 2019, the FCIC reorganized to focus on five tasks dedicated to various
steps in the process chain: Feedstock Variability, Materials Handling, Preprocessing, Low-Temperature
Conversion, and High-Temperature Conversion; as well as three enabling tasks that crosscut these unit
operations: Materials of Construction, Data Integration/Management, and Crosscutting techno-economic
analysis (TEA) and life cycle assessment analyses. These R&D efforts feed into a quality-by-design approach
to ultimately manage variability and process risk in a systematic manner.
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The FCIC Peer Review Panel reviewed the original six key tasks. The panel also reviewed future plans that
cover the current quality-by-design approach and the eight tasks that are currently being pursued.

FEEDSTOCK-CONVERSION INTERFACE CONSORTIUM REVIEW PANEL

The following external experts served as reviewers for the FCIC Technology Area during the 2019 Project
Peer Review.

Name Affiliation

Brandon Emme* ICM, Inc.

Andrea Slayton Slayton Technical Services, LLC
Glenn Farris AGCO Corporation

Lorenz Bauer LJB Chemical Consulting
Benjamin Levie Seattle City Light

* Lead reviewer
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TECHNOLOGY AREA SCORE RESULTS

Average Weighted Scores by Project
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FEEDSTOCK-CONVERSION INTERFACE CONSORTIUM REVIEW PANEL
SUMMARY REPORT

Prepared by the Feedstock-Conversion Interface Consortium Review Panel

Realizing high uptime at pioneer commercial cellulosic facilities has continued to be a monumental challenge.
Current technologies for delivering the feedstock to the reactor throat based on pulp and paper industry
experience has proven to be insufficient for agricultural residues and similar materials. Feedstock
characteristics such as tramp, ash, and variable moisture cause disruptions in feeding systems (plugging and
abrasion) and induce conversion variations. The FCIC was created to identify and address these challenges
though a crosscutting effort leveraging the skill sets of the DOE national laboratories supported by an industry
advisory board (IAB).

IMPACT

Knowledge attained by the FCIC projects informs equipment suppliers servicing the lignocellulosic industry,
reduces risk and promotes improved process reliability, especially at the reactor throat, as a result of feedstock
variability. The capabilities of both the Biomass Feedstock Process Development Unit (PDU) at Idaho
National Laboratory (INL) and the Integrated Biorefinery Research Facility at the National Renewable Energy
Laboratory (NREL) provide scalable information on equipment and process performance for both
thermochemical and biochemical processes for relevant feedstock qualities (e.g., high- and low-moisture and
ash). The comprehensive national laboratory crosscutting project management structure of the FCIC projects
further augment the tools and knowledge base.

The panel received a good impression that the projects were well designed to meet the goals of the FCIC and
further identified which questions to explore next (e.g., advanced controls, improved equipment design). The
characterization database is a useful tool for industry. Increased communications of the FCIC project results
could increase visibility in the industry, especially around priority specifications.

INNOVATION

The FCIC projects provide several significant findings, including:
e X-ray diffraction methods for looking at feedstock and determining ash content

e System-wide throughput analysis, including process reliability impacts. Quantification of the impact of
feedstock moisture and ash content on plant uptime as well as human intervention was relatively similar
for both low- and high-temperature processes.

e Demonstration of improved feedstock milling through an adaptive control strategy was able to show high
uptime but at the cost of less than design capacity.

o TEA models with the capability to include unit operation uptime reliabilities lead to the identification of
system-wide throughput for pioneer plants.

e Material flow modeling in bins and hoppers (although many results are too complicated for a layperson
to understand).

SYNERGIES

The FCIC project portfolio represented a concerted effort to integrate development efforts, most notably by
characterizing feedstock moisture and ash variation from the field through the PDUs at INL and NREL and by
integrating process data into the TEA analysis modeling system-wide throughput. Further computational
modeling of biomass flow in bins and hoppers was also performed but was not able to adequately predict flow

65 FEEDSTOCK-CONVERSION INTERFACE CONSORTIUM



2019 PROJECT PEER REVIEW

reliability. In support of synergy, the national laboratories also produced a primer glossary to align
nomenclature for industry.

FOCUS

The future strategy to refocus the FCIC on the development of first-principles-based knowledge and tools for
technology development firms to use when designing, building, and operating biorefineries has the potential to
cross over and illuminate empirically based equipment choices. The output value could be increased by
simultaneously developing a framework that technology developers could use to assess the quality and value
of streams to design at a broader systems level.

COMMERCIALIZATION

The FCIC portfolio was narrowed following the recommendations from the 2017 Project Peer Review. This
resulted in more direct understanding of the impacts of feedstock moisture and ash content on the process
uptime and human intervention, although full clarity was not attained as a result of other
uncontrolled/uncontrollable processing factors at the PDU scale. The findings of the FCIC projects are useful,
and as such the panel encourages the national laboratories to create more visibility of the results through a
more deliberate marketing strategy, especially if this could also be used to create collaboration opportunities
among the FCIC teams and industry.

RECOMMENDATIONS

Following are recommendations from the review panel:

o Integrate as many developments included in the state of technology (SOT) into the FCIC
demonstration/benchmarking runs as possible. In particular, the impact of blending depot and pellets on
plant reliability and uptime should be quantified as well as mitigation strategies should be developed for
controlling moisture and ash content in the reactor feedstock.

e Ensure that the goals of the quality-by-design/first-principles focus will result in commercially relevant
process reliability and demonstration by stretching the success rate target and timing.

e Create more industry immersion experiences for the national laboratories/BETO to ensure relevance to
pioneer plants/industry. Continue to leverage the value of the IAB to support project relevance when
direct feedback from pioneer plants is not available. Consider innovative methods for getting industry
knowledge into the national laboratories (fellowships, analytical loaners, FCIC meetings on-site at
industrial entities, etc.).

e As part of the first-principles strategy, establish quality specifications on feedstocks as they pertain to
reliable delivery to the reactor throat along with mitigation methods in design, storage, and operations
for high-moisture content.

e Develop a clear marketing plan to aggressively promote FCIC projects and output on a widespread basis
to achieve greater industry adoption. Increase visibility through road shows at relevant industry
conferences and pioneer plants. Consider whether a skill/resource map of the national laboratories might
support this.
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FEEDSTOCK-CONVERSION INTERFACE-CONSORTIUM
PROGRAMMATIC RESPONSE
INTRODUCTION/OVERVIEW

The FSL, Conversion R&D, and ADO programs thank the five reviewers for their time and careful review of
the portfolio. We recognize that many technical disciplines are represented in the work of this consortium,
thereby requiring a multidisciplinary panel. We also recognize that it is a difficult review processes because
additional projects relevant to this work are present in many different sessions. Across the BETO portfolio, we
have been working to adjust the format of the Project Peer Review to best communicate the efforts ongoing
within our national laboratory consortia.

The following sections specifically address the recommendations from the review panel.

Recommendation 1: Quantify blending, depot, ash, and moisture impacts.

The programs concur that quantifying the technical, economic, and sustainability impacts associated with any
process change or feedstock attribute is a critical first step. In reorganizing the FCIC in FY 2019 and FY 2020,
the programs have established a designated crosscutting analysis task to perform these cost-benefit and trade-
off analyses. The programs have communicated the need to maintain adequate resources to be responsive to
these process changes and feedstock attributes. Feedstock processing strategies that are employed to manage
critical material attributes (e.g., inorganic species, intrinsic moisture) will be evaluated to investigate the costs
associated with that unit’s operation and to quantify the impacts for other unit operations both upstream and
downstream. These technical performance experiments will be subjected to TEA to ensure that feedstock
processing choices lead to systems-level techno-economic and sustainability improvements.

In response to the desire to explore blending options, the programs agree that there is economic opportunity
associated with this strategy and will consider this in the future. Blends will not be explored in the first 3 years
of this consortium. At present, the focus of the consortium is on understanding the physical, chemical, and
mechanical effects imparted by single feedstocks (i.e., corn stover and forest residues). The rationale is that
through a fundamental science-based understanding of the physical, chemical, and mechanical effects of
individual feedstocks, the identification of critical material attributes and the impacts of processing on product
quality can be identified and quantified. Once the critical material attributes are understood for individual unit
operations, we might investigate other feedstocks or blends.

In response to the desire to explore depot processing, the programs believe that a depot concept could support
commoditizing lignocellulosic biomass feedstocks; however, given the nascent nature of the lignocellulosic
biomass supply chain, these activities are not currently prioritized. Through the success of the consortium, the
programs strongly feel that lessons learned about critical material, process, and quality attributes will inform
how a depot could operate.

Recommendation 2: Stretch the consortium end goals.

The programs concur that more ambitious goals (e.g., 1,000 hours of continuous operations vs. 500 hours)
would have a positive effect on the broader bioeconomy in several ways. At present, and subject to budget
levels, the programs plan to retain the 500-hour objective. The programs feel that being able to achieve
required quality attributes despite variable-feed properties during this time will achieve the major consortium
goal: to demonstrate a comprehensive understanding of the impacts of feedstock variability through the
process supply chain such that it can be managed by adjusting processing steps or processing conditions.
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Recommendation 3: Develop innovative ways to immerse the national laboratories with
industry.

The programs fully concur with this recommendation to develop innovative methods for getting industry
knowledge into the national laboratory consortium. The programs hope to implement this recommendation in
several ways:

o FY 2020 work in the consortium has heavily stressed the need for the national laboratory consortium
to develop tools that are meaningful to industrial problems. Examples include feedstock attribute data
sets, open-source code that can be used by external models, and publicly available TEA.

e The programs could employ additional funding opportunities and formal collaborations between the
national laboratories and industry, including Energy I-Corps and consortium-led funding
opportunities.

e Creating a more structured engagement and communication strategy with the IAB.

Recommendation 4: Establish quality specifications on feedstocks.

Implicit to the quality-by-design approach is an understanding that feedstock quality will propagate through
the entire process supply chain. The programs are prioritizing the identification of “critical material attributes’
under the Feedstock Variability task, including variability as a function of storage, harvesting method, and
environmental conditions. In FY 2020 planning, the consortium is developing deliverables and outcomes to
make these data publicly available, including the metadata associated with downstream processing. It is
envisioned that standardizing the terminology around these critical material attributes would enable technology
developers to consistently communicate their feedstock quality requirements or specifications to feedstock
providers.

i)

Recommendation 5: Aggressively promote the Feedstock-Conversion Interface Consortium
results and visibility.

The programs fully concur and are implementing ways to improve the visibility of this consortium. The
consortium is finalizing a communications plan that will include the use of best practices developed and
employed by other consortia. This plan could include regular external webinars on special technical topics,
colocating consortium listening days at key conferences and trade meetings, and dedicating a portion of the
budget to maintaining a website with the consortium’s accomplishments and capabilities. In addition, and
when possible, FY 2020 planning includes the dissemination of deliverables and outcomes that are publicly
available, such as models and scripts as digital appendices associated with peer-reviewed journal articles.
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FEEDSTOCK VARIABILITY AND SPECIFICATION DEVELOPMENT - INL
Idaho National Laboratory

PROJECT DESCRIPTION

Co-PI contributors: A. Hoover, R. Emerson, J. Klinger, T. WBS: 1.2.2.401
Westover, L. Williams, M. Ramirez-Corredores (Idaho cID: NLO033424
National Laboratory [INL]); D. Tanjore (Lawrence
Berkeley National Laboratory [LBNL]); T. Semelsberger _
(Los Alamos National Laboratory [LANL]); E. Webb (Oak Izgr'lfg?rr?;nce' 10/1/2017-9/30/2020
Ridge National Laboratory [ORNL]); B. Donohoe, N. :

Principal Investigator:  Dr. Allison Ray

Nagle, E. Wolfrum (National Renewable Energy Lo 1o, Y3 AT S #18 BeE e
Laboratory [NREL]); K. Sale (Sandia National DOE Funding FY16: $6,535,000
Laboratories [SNL]); J. Collett (Pacific Northwest DOE Funding FY17: $4,636,332
National Laboratory [PNNL]); G. Fenske, O. Ajayi DOE Funding FY18: $4,367,500
(Argonne National Laboratory [ANL]) DOE Funding FY19: $0

Project Status: Sunsetting

Biomass variability has proven to be a formidable
challenge to the emerging biorefining industry, impeding continuous operation, equlpment uptime, and
required throughput for economic production of lignocellulosic biofuels and chemicals at the commercial
scale. Inconsistent feeding and handling operations at integrated biorefineries (IBRs) have been identified by
the DOE BETO as a limiting factor in the conversion of lignocellulosic biomass to fuels and value-added
coproducts. IBR development and operation have suffered from failing to account for the complexity and
variability of lignocellulosic biomass.

The Feedstock Variability and Specification Development project aims to quantify the variability in chemical,
physical, and mechanical properties of corn stover and loblolly pine residues and conduct fundamental
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characterization required to understand property impacts on feeding, handling, preprocessing, operational
reliability, and conversion performance in both low- and high-temperature conversion pathways.
Understanding the magnitude and sources of variability will enable the development of technological solutions
to integrate feedstock supply, storage, preprocessing, and conversion and improve operational reliability and,
ultimately, maximize yields. This project generates foundational knowledge and develops methods required to
contribute to the FCIC’s goal of identifying and addressing the impacts of feedstock variability on
preprocessing, conversion, and system performance to move toward 90% operational reliability. This
presentation outlines project accomplishments toward: (1) biomass supply for the FCIC’s experimental
baseline runs for preprocessing, low-temperature conversion, and high-temperature conversion; (2)
fundamental characterization to quantify variability and to identify critical factors that affect reliability from
preprocessing through conversion; and (3) methods development tailored to lignocellulosic biomass.
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OVERALL IMPRESSIONS

o This work is critical to organizing, categorizing, and characterizing feedstocks. It looks to be a good
framework and will benefit from new methods of property analysis.

o (Great work establishing and characterizing relevant feedstock ranges that are largely industry-relevant
baseline causes of variation in the incoming material. It includes new methods implemented and shown
to describe “cleanliness” of the feedstock, which will help support industry. Data are collected and
organized in an open-source format that will make it easier for public access and use.

o The objective of this project is good. By design, the project looks at two feedstocks; however, it would
be beneficial to expand this research to multiple feedstocks. For agricultural waste in particular, an aging
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feedstock affects use and changes in the characteristics would be very difficult to quantify. The scope of
this project was limited because of the complexity of the subject matter; understanding this is not a
criticism of this project, but instead a statement that more work should be done to expand knowledge of
feedstock characteristics on the processes and processing equipment.

o This project has many important aspects, such as the development of a database for industry to call upon
for design information when contemplating the cost and operation of a commercial project. Development
of a common language and principles of biomass from a technical basis will help accomplish this as
well. Lacking, however, is a more detailed quantitative discussion of what a successful project here
means. For example, how much can a developer be expected to save in testing costs by having this
database available or knowing which variables must be planned for when designing a feed hopper?

o The feedstock variability and specification project is an important accomplishment and provides basic
information that will useful to all those working in the biomass conversion field, both the actual data
collected and as a model of the type of characterization work needed. Efforts should be taken to make
these data more accessible to biogeotechnology developers and to continue to add more data, particularly
on underreported properties such as ash characterization. The Chemical Catalysis for Bioenergy
Consortium data hub would be a good model. It should be possible to reach out to land grant colleges
and state agriculture organizations to aid in the collection of useful data that could expand the database.
The FCIC primer is a useful document that provides a means for more uniform and effective
communication about feedstock properties.. The X-ray diffraction analysis of biomass is a novel way to
speciate metals and other ash materials.

RECIPIENT RESPONSE TO REVIEWER COMMENTS

o We appreciate the reviewer’s comments. Likewise, we believe that some of the new approaches and
methods developed and applied for property analysis offer significant potential for quantifying biomass
quality and elucidating property-driven impacts on preprocessing and conversion.

o We appreciate the reviewer’s comments. We certainly agree and will plan to expand the scope of our
feedstock variability analyses as the consortium progresses and as funding allows. Moving forward in
FY 2019, FCIC 2.0 will develop a fundamental understanding of how aging impacts biomass properties.
Controlled studies under conditions that simulate aging of agricultural residues will be conducted to
improve deconvolution of the complexities of resulting alterations in multiscale chemical, structural, and
physical properties and how interactions among properties translate to behavior of these materials.
Although this project focused on corn stover and pine residues, the consortium has industry collaborative
projects under the direct funding opportunity that focus on diverse feedstocks, such as municipal solid
wastes and almond wastes.

e We appreciate the reviewer’s input. In FY 2018, the goal of the feedstock variability project was to
quantify variability in physicochemical and mechanical properties of biomass for the FY 2018
experimental baseline runs. The culmination of knowledge derived from all the FCIC projects was aimed
at solving challenges related to the design and identification of critical properties. Although FY 2018
FCIC represents a 1-year effort, these data sets provide a basis for informing FCIC 2.0 and the quality-
by-design approach that is tailored to identifying critical attributes and process variables that are
requisite for improving equipment operation and design.

e Thank you for this feedback. Data sets generated from the FY 2018 experimental baseline runs are
available through the Bioenergy Feedstock Library (BFL), and the FCIC primer, which was developed as
part of this project, is also available through the BFL
(https://bioenergylibrary.inl.gov/Home/Home.aspx).
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FEEDSTOCK PHYSICAL PERFORMANCE MODELING - INL

Idaho National Laboratory

PROJECT DESCRIPTION

Feeding and handling represent a substantial challenge in
biomass feedstock supply systems. Conventional systems
for dry bulk solids are generally not suitable for
lignocellulosic biomass, which typically exhibits large
particle size variations, low density, and high
compressibility. Methods do not yet exist to either
physically characterize or computationally model the
complex mechanical response of such materials. The
primary objective of this project is to develop physics-
based computational models that reliably predict the
mechanical behavior of a loblolly pine residue and a corn
stover sample in a lab-scale direct axial shear test. These
models are then used to identify critical material attributes

WBS: 1.2.2.501

CID: NLO033425

Principal Investigator:  Dr. Tyler Westover
periodof 10/1/2017-9/30/2020
Total DOE Funding: $2,115,000

DOE Funding FY16: $0

DOE Funding FY17: $650,000

DOE Funding FY18: $1,465,000

DOE Funding FY19: $0

Project Status: Sunsetting

that impact feeding and handling performance. Two types of physics-based models were pursued. First, the
discrete element method (DEM) was applied to develop high-fidelity particle-based simulations that capture
interactions between representative particles. Although DEM models can robustly capture all dominant particle
flow mechanics, they are extremely expensive in terms of computation time and memory and are difficult to
scale to industrial applications. Therefore, the necessary scaling is achieved by developing reduced-order
continuum finite element method (FEM) models that essentially average over many particles to reduce
computational cost. The robustness of the FEM models was verified using physical experiments and by
comparing their predictions to those of the DEM models. Particle-based DEM models are essential for
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developing and verifying FEM models to ensure that the FEM models capture appropriate functional
relationships between key parameters. In many cases, these functional relationships cannot be measured
experimentally (for example, the relationships between internal material stresses, strains, dilation, and shear
strength) because the needed sensors do not exist or lack enough accuracy.

The objective of the project was accomplished by achieving greater than 80% agreement between the lab-scale
direct axial shear test and computational simulations. Results of the flow tests and simulations using different
geometries indicate that flow modes of biomass materials are coupled, resulting in highly complex flow that
cannot be fully understood using classical continuum methods. Future effort will focus on developing more
advanced continuum FEM flow models based on results of DEM particle models.

Photo courtesy of Idaho National Laboratory

OVERALL IMPRESSIONS

This is ambitious work that has high use to industry if it can be understood and general enough.

The early cellulosic biorefineries experienced significant problems in the interface of feedstock handling
and conversion. The modeling created in this project suggests that if a project developer understands the
physical properties of the feedstock in their plan, the proper feeding and handling system could be
designed and hopefully not have the same sorts of problems that the industry presently faces. This could
be an important step forward in the SOT as it exists today.

This project undertook a very challenging application, and, not surprisingly, it found that several models
need to be applied simultaneously to get reasonable system models. Congratulations on the frontier-type
work; the reviewer anticipates that it will lead to new concepts for improving biomass flow through
hoppers and screws.

Relevant industry partners were involved in the project, but it was not clear where they had vetted the
modeling analysis or this had been done only on the flow characterization methods. The reviewer
suggests this is done as part of fully completing the work and helping to ensure its value to equipment
designers.

The presentation did a good job of providing a general understanding of the complexity of the problem;
however, the details needed to be explained in plain language.

A variety of flow modeling methods were applied, although the details were difficult to follow. This is
an interesting project, but a model with a goal of an R-square of 0.8 might not be able to drive significant
improvements. The results of the project are of limited impact on the overall biorefining industry. This is
because a new set of tests would likely be required depending on the equipment and feedstock used.
Unfortunately, the calculation approach failed to provide usable results.
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RECIPIENT RESPONSE TO REVIEWER COMMENTS

Agreed. The advanced simulation and characterization methods will enable consulting firms in bulk
solids handling to properly advise industrial biorefineries, and the rapid and reduced-order models will
be directly useful for industrial biorefineries to better understand the effects of feedstock variability.

Exactly. It is also understood that the project developer will likely need to consult with firms that
specialize in handling bulk solid (particulate) materials to appropriately apply advanced methods
developed by this project.

Industry partners primarily assisted by helping with the flow characterization methods and early
discussion of simulation options. As the models develop and additional results are obtained, input will be
sought from a wide range of industry and academic experts. This input will be sought through
subcontracts and through the Particle Technology Forum within the American Institute of Chemical
Engineers.

For general understanding, complex models and characterization methods must be simplified to low-
level reduced-order models. Please see responses 1 and 2.

We agree that being able to predict flow behavior with 80% accuracy might not be adequate for the
industry. Current advanced models that we have tested exhibit errors that are greater than 100% for key
multidimensional predictions. We believe that the models can be improved substantially, which will lead
to improved understanding and more reliable designs. Efforts at adapting advanced continuum and
particle models are still in their relative infancy and will be pursued further in a future project to provide
useful results.
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SYSTEM-WIDE THROUGHPUT ANALYSIS - INL

Idaho National Laboratory

PROJECT DESCRIPTION

Recent evidence indicates that the operational performance  \pgs: 1.2.2.601
of the DQE S coﬁJndF:d pioneer propct on 1ntegrateq 3 cID: NLOO33426
biorefineries (IBRs) is significantly impacted by variability
in feedstock properties and composition. This is a high-

Principal Investigator: ~ Dr. David Thompson

impact problem because several IBRs have already failed igrf(c))?rr?;nce' 10/1/2017-9/30/2020
largely because of underestimated operational issues —

related to this variability. Thus, a timely solution to these Lo 1o, Y3 AT S EATIACE
operational issues is essential if second-generation biofuels ~ DOE Funding FY16: $1,050,000

are to be commercialized in any significant volume, DOE Funding FY17: $950,000

allowing the economic benefits of new jobs and improved DOE Funding FY18: $1,477,499

security of our fuel supply to be reali.zed. The remaining DOE Funding FY19: $0

IBRs are trying to solve these operational upsets; however, Project Status: ST

solving one issue invariably creates or reveals others
because of interactions across the system and or the masking of downstream issues by upstream problems. It is
well known that compositional variability can have significant impacts on titer, rate, and yield from conversion
processes; however, the system-wide impacts and trade-offs of variation in feedstock physical properties on
first-plant scales are not well understood.

The objective of this project is to provide analyses that identify and quantify specific impacts that feedstock
properties have on feedstock handling, processing, and conversion unit operation performance and how these
impacts cascade throughout the system and impact the attainment of 90% uptime and design biofuel yields and
costs. This project uses a combination of discrete event modeling and modified steady-state process simulation
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to model the dynamic throughput and conversion process performance impacts of feedstock properties across
the field-to-biofuel system. We define the operational reliability of a system to include the feedstock attribute-
derived impacts of below-design throughput (including downtime, or zero throughput) and yield (i.e.,
conversion performance). This operational reliability is then used to estimate annual capacity, productivity,
process economics, and sustainability metrics. To accomplish this, we use throughput analysis combined with
existing and developing knowledge of the sources and impacts of variable feedstock properties on operational
reliability.

To maximize the potential impact of our analyses to current pioneer biorefinery processes, the analyses
focused on conventional feedstock supply systems used by the pioneer biorefineries. Additionally, past
conversion platform design cases that were reasonably representative of pioneer biorefinery technologies were
used. These included biochemical (fermentative, low-temperature) conversion of nonpristine corn stover
biomass to ethanol (2011 biochemical corn stover-to-ethanol design case) and fast pyrolysis of nonpristine
southern pine residues to hydrocarbon fuel products (2013 pyrolysis and upgrading to hydrocarbons design
case).

This project fulfills a critical role for DOE and industry stakeholders by developing and using an approach for
the early identification of bottlenecks and pinch points across the entire field-to-biofuel system as well as
quantifying their relative impacts on achievable throughput, yield, process economics, and sustainability
metrics. Using input data generated during the experimental baselining of the preprocessing and conversion
deconstruction process development units, this project developed modeled operational reliability baselines for
the two feedstock conversion systems operated during a year’s time. The modeled baselines agreed well with
the experimental observations, allowing for the generation of the distributions of expected throughput and
conversion yield that would have resulted from the given feedstock property input distributions.

FY18 GOAL: LOW-TEMPERATURE MODELED BASELINE FOR FCIC
Ties together Low-temp information/data from all other FCIC activities
Provides a bridge to quantify the implications around economics/LCA metrics

Preprocessing Throughput Conversion Throughput Conversion Performance
Capacity Factor Capacity Factor Factor
FfJN.L Low-temp — 47.1% FENREL Low-temp — 61.5% F, B,Low-temp — 88.1%
Preprocessing Throughput over 350 days Conversion Throughput over 350 days Conversion Yield over 350 days
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Photo courtesy of Idaho National Laboratory
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OVERALL IMPRESSIONS

The system-wide view is important in integrating all the other parts of the FCIC work. The work is
important in determining the overall capacity of a plant in terms of where the bottleneck is and which
parameters in the biomass cause capacity to be diminished.

Models such as those created by this project—which capture both operating reliability and production
throughputs based on the effects of feedstock variability—will have significant advantage to inform both
commercial and R&D activities. Currently, the main weakness is the lack of data for parts of the
modeling, such as the scale-up cost for low-throughput systems and operating reliability data for high-
throughput systems. This is not a fault of the PIs but a weakness, nonetheless, limiting the models’ use
and value. Over time, however, as more data become available, dynamic models like these will become a
valuable tool.

This project is a great new way to apply the Aspen/TEA models because it incorporates relevant highly
variable unit operation capacities/uptime such that the model was able to predict which steps of variation
are the true rate-limiting steps to the plant. Modeled uptime for pioneer plants was reasonable but still
needs to be validated against industry when data are available.

Use of the models to help direct future work will need to include broader mitigation options. It is
suggested to use the FCIC/FSL [IABs and industry interviews to help define some of the more relevant
approaches to bring into the model. Moisture control should be a focus topic.

This was not an easy topic to present because of the need to really think about what was being presented.
It is an interesting approach to looking at plant reliability and thus profitability by getting the most out of
what a plant has and directing money toward improvement; however, it would have taken much long
than a half hour of time to show the strength of the models.

System-wide throughput analysis is a critical part of improving the efficiency of biofuel production. This
type of stepwise analysis is the foundation of Six Sigma and other process design analysis approaches.
The results of the analysis reflected the poor throughput of both the low- and high-temperature processes
related to equipment reliability. This information confirms the importance of the FCIC to the overall
success of biofuel production. There is a clear need to include equipment performance data in the TEA
analyses, as discussed in the project. The problem is the lack of availability of these data, particularly at
the commercial scale. Unfortunately, these data are considered highly proprietary; however, I believe
that NREL has a larger unit that might also be able to provide data. Operational data should be included
in the TEA evaluation of projects to provide a better estimate of early plant performance.

RECIPIENT RESPONSE TO REVIEWER COMMENTS

Throughput analysis is usually applied in supply system optimization and in manufacturing industries,
and to date it has not been applied to any great extent in the chemical industry. Generally, classical
reliability and use approaches are followed to maximize time on stream, whereas mismatches of capacity
are solved through the insertion of material flow buffers between mismatched equipment. Although this
approach has been shown to be successful for liquids and gases, bulk solids such as biomass that have a
range of structural and mechanical properties that depend on hard-to-control variables (such as moisture
and ash) present challenges that cannot simply be solved by inserting material flow buffers. Including
throughput capacity use and conversion performance in an operational reliability metric provides an
approach to solving these challenges.

We previously used this method along with observational and experiential data to develop estimates of
equipment-level at-scale downtimes and performance impacts. In that case, we were able to produce
results that were consistent with the observations of the DOE tiger team that worked with the pioneer
biorefineries to identify reasons for much longer than expected startup times and feeding system-derived
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conversion system upsets. Through that analysis, we were able to identify which unit operations and
high-level feedstock properties (moisture and particle size) were most impactful to the operation of the
preprocessing system. As we learn more fundamental causes of impacts, we will be able to integrate
those into the models. Additionally, first-principles modeling in other FCIC projects will directly inform
both equipment and system designs.

o The objective of the analysis during FY 2018 was to define modeled operational reliability baselines for
the systems that the FCIC have access to (i.e., data sources that were available). The prior estimates for
at-scale impacts from the previous analysis were not used for these baselines because they were not
directly measured. We believe that as we gain a better understanding of the fundamental (i.e., feedstock
property-based) mechanisms of impacts to individual PDU-scale equipment through the efforts of the
FCIC, there will be a better basis for predicting impacts to larger scale equipment through fundamental
modeling, which can then be applied to throughput modeling of the system. In this way, the redirected
FCIC efforts will improve the modeling approach for system-wide throughput/cost/sustainability
analysis, fill in identified data gaps, and develop tools/models that are focused on helping industry.
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INDUSTRY ENGAGEMENT AND PROJECT MANAGEMENT - NREL

National Renewable Energy Laboratory

PROJECT DESCRIPTION

Industry Engagement and Project Management aims to WBS: 1.2.2.702
coordmat'e and manage.FCIC R&D activities and to cID: NLOO33723
promote interactions with IAB members and stakeholders
to deliver technological solutions developed within the

Principal Investigator:  Dr. Michael Resch

FCIC for industry adoption. This project consists of three e 10/1/2017-9/30/2020
. . . Performance:
tasks: industry engagement, industry collaborative R&D,
Total DOE Funding: $824,000

and project management. INL and NREL will serve as two
lead institutions for the FCIC efforts and will work DOE Funding FY16: $0
proactively with PNNL, ORNL, LANL, LBNL, ANL, and  DOE Funding FY17: $0

SNL to develop and execute work plans, to prioritize and DOE Funding FY18: $824,000
coordinate R&D activities, to establish communications DOE Funding FY19: $0
pipelines and leadership teams for the different FCIC R&D
projects, and, finally, to engage industry to solicit
significant input and translate FCIC innovations for industry adoption. In the industry engagement task, the
project management team has engaged with industry stakeholders and established an IAB. The goal of these
actions is to ensure more efficient communications and, ultimately, to promote and enable industry national
laboratory collaborations that will be effective in helping industry overcome technical barriers, thereby
improving operational throughput and, thus, profitability. Communication of FCIC accomplishments and
capabilities has been largely through the development of the FCIC website (www.fcic.inl.gov). The industry
collaborative R&D task has promoted industry national laboratory collaborations by funding $8 MM in R&D
projects through FCIC directed funding opportunity awards. A web-based process tool was also established to

Project Status: Sunsetting

Weighted Project Score: 8.0

Weighting for Sunsetting Projects: Approach-25%; Accomplishments and Progress-50%; Relevance-25%
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manage the funding opportunity program’s proposal submission, review, approval, award process, and project
execution. In the project management task, a sensible project management structure, workflow system, and
reporting process was put in place to ensure that the FCIC will continue to be efficient and effective. This task
focused on global FCIC integration and coordination of activities to ensure rapid and efficient progress toward
goals. The FCIC project management team ensured that deliverables were provided to DOE in accordance with
the approved work plan and budget. The FCIC project management team also coordinated establishing a
leadership team comprising representatives from DOE and national laboratories to establish the vision and
define the strategy of the R&D focus as well as to approve the direction of and changes to the R&D focus as
the FCIC evolves.

The objectives of this project were to: (1) ensure the effective management of the consortium to achieve FCIC
objectives and outcomes using scientific expertise and core capabilities of the national laboratories, (2)
establish a functional FCIC IAB representing the broad range of stakeholder interests and an active FCIC
industry engagement team, (3) complete at least two industry collaborative projects, and (4) engage and
promote partnerships that translate FCIC innovations to industry. This project will ensure the accomplishment
of overall FCIC goals through active project management, industry engagement, and outreach activities with
R&D projects that address the development and optimization needs of bioenergy industry stakeholders.
Industry engagement will include activities that provide industry input to FCIC annual operating plans,
communication of FCIC capabilities and accomplishments to industry, and the transfer of technical knowledge
developed by FCIC research to industry via technical reports and presentations. R&D projects will include
strong potential for industry adoption and industry collaborative R&D projects that are competitively awarded
through a FCIC directed funding opportunity. The intended outcomes of this work include industry input on
FCIC direction, active and diverse partnerships with industry, and industry use of FCIC innovations.

FEEDSTOCK CONVERSION
INTERFACE CONSORTIUM

Photo courtesy of National Renewable Energy Laboratory

OVERALL IMPRESSIONS

e The FCIC was an important industry-driven effort by BETO to address real needs of pioneer biomass
plants. The focus areas were based on what was indirectly known to be the challenges at the pioneer
plants during their commissioning phases, although direct participation by pioneer companies was not
possible, and in lieu of that the decision to use an IAB for this purpose was helpful if not directly
executable.
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Obtaining results from the consortium in only 2 years was exceptional, and all consortium members
should be commended. Inclusion of the full breadth of national laboratories was useful to deliver a more
diverse knowledge and skill set to the projects, even when only a few of the laboratories needed to do the
majority of the project execution. This approach should be replicated in the future whenever possible.

The main aim of the FCIC was to establish high reliability of feedstock delivery to the reactor throat;
however, a set of quality specifications was not a highly visible output of much of the work. Moisture
and ash were identified as significant impact variables, but no clear guidance has yet been given to drive
upstream control methods. If pellets of blended feedstocks are a viable option, there should be some
analysis/scoring of how well they meet the reliability specifications, not only the cost targets.

Managing a consortium such as the FCIC is not only an important undertaking but also a complex task.
The work of the FCIC will prove to be a necessity to the success of a robust cellulosic bioenergy
business. It is difficult to assess this project through this presentation, however, because we now know
that FCIC work has been completely refocused in approach although how and why this happened is not
entirely clear. Therefore, the FCIC’s overarching goal was not attained. The original progress of the
FCIC technology area would suggest that the program very likely would have been successful. The goals
as set out in this presentation were achieved, and individual program goals were achieved for the most
part. Therefore, it is difficult to reconcile the two positions, whether they were successful or not.

The consortium is a good way to organize industry and national laboratories, and this one seems to be
doing that well, with lots of cooperation and contribution from members.

Engaging industry that is attempting to implement biotechnologies provides key feedback concerning
their problems and concerns. The concept of addressing the cross-biomass conversion operability
problems because of feedstock variability addresses a major issue that had previously received little
attention. Many biorefineries have failed because of problems related to feed handling. It is difficult for
people developing new technologies to address these issues. This project is the first concentrated effort
to apply a manufacturing science approach to biofuel production. Some high-quality projects with
commercial groups were launched by the project team. These industry-driven projects will help keep the
FCIC relevant.

RECIPIENT RESPONSE TO REVIEWER COMMENTS

We appreciate the support for this work from the reviewer’s comments. We agree that a great outcome
from this work would be to develop feedstock specifications and ranges of material and chemical
properties that would be acceptable and beyond those ranges would be detrimental to throughput and
conversion. We will work toward approaching feedstock quality metrics to help guide current and future
use of lignocellulosic feedstocks in a biorefinery. Blended and pelleted feedstocks were not evaluated
within the current FCIC projects; the related pellet studies are funded under the FSL Program and the
FCIC’s industrial collaborative research. We will leverage those research results in the future for
analysis of reliability specifications.

We thank this reviewer’s acknowledgement of how difficult and complex managing a multi-laboratory
consortium is. Much of the first-year accomplishments resulted in newfound collaborations among
national laboratories and team formation. The first-year objectives were met as we demonstrated a high-
and low-temperature experimental and modeled baseline. We also set up research teams and reviewed
and funded the directed funding opportunities to foster industry-national laboratory collaborative
projects. These successes will be built upon in the next iteration of the FCIC.
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PROCESS INTEGRATION - NREL

National Renewable Energy Laboratory

PROJECT DESCRIPTION

The Process Integration project is part of the FCIC, an WBS: 2.2.1.502
integrated and collaborative network of eight national cID: NLO033394
laboratories (ANL, INL, LANL, LBNL, NREL, ORNL,
PNNL, and SNL) dedicated to identifying and addressing

Principal Investigator:  Dr. Ed Wolfrum

the impacts of feedstock variability—chemical, physical, igr-ifg?rr?;nce' 10/1/2017-9/30/2020
and mechanical—on biomass preprocessing and :
Total DOE Funding: $7,422,970

conversion equipment and system performance to move
toward a target of 90% operational reliability. In FY 2018, ~ DOE Funding FY16: $1,275,000
the Process Integration project supported this overall FCIC ~ DOE Funding FY17: $871,970
goal of improving operational reliability and conversion DOE Funding FY18: $5,276,000
performance of low-temperature and high-temperature DOE Funding FY19: $0
integrated processes through laboratory and process-
relevant experiments to document and mitigate the
negative effects of feedstock variability.

Project Status: Sunsetting

The key objective of the Process Integration project in FY 2018 was to execute robust, industrially relevant
baseline experiments that document process reliability and conversion performance across biomass
preprocessing and both low- and high-temperature conversion performance

Because this project encompasses a substantial portion of the feedstock logistics and conversion value chain, it
addresses a number of Multi-Year Plan (MYP) barriers: Ft-E: Terrestrial Feedstock Quality, Monitoring, and
Impact on Conversion Performance; Ft-G: Biomass Physical State Alteration; Ft-I: Overall Integration and

Weighted Project Score: 8.0

Weighting for Sunsetting Projects: Approach-25%; Accomplishments and Progress-50%; Relevance-25%
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Scale-Up; Ct-A: Feedstock Variability; Ct-C: Efficient Preprocessing; Ct-D: Efficient Pretreatment; Ct-1:
Product Finishing Acceptability and Performance; and Ct-J: Process Integration.

OVERALL IMPRESSIONS

The work done makes good use of the strengths of the two national laboratories and was performed with
a high degree of consistency.

Benchmarking is a key activity of scale-up, thus the baselining of 2016 SOT variance performance was
absolutely a key activity, especially because such work in the national laboratories had not been executed
to date. The project demonstrated several operational challenges also seen at pioneer plants and
underscored the importance of the identification and quantification of process variation (as seen through
uptime/capacity).

Use of wear-sensitive equipment in portions of the process introduced some additional levels of variation
that make it difficult to parse out the impact of the feedstock quality against equipment performance. In
any future benchmarking runs such as was conducted here, it would be advisable to implement a well-
defined feedstock control (i.e., cellulose powder) that can be run before and after each case to establish
the “plant health” to decouple from the feedstock itself. It would also be advantageous to run more than
one run of each feedstock if time and budget allow.

This project was well managed and thorough. It would be wonderful if every project could have such
extensive work done to improve operations. It would be useful to target other feedstock characteristics as
well as downstream processing.

This project is a solid contributor to the FCIC team and developed significant data, but more detail on
the conclusions or summary is needed. For example, the presentation makes the conclusion that some
sources of variability in biomass cannot be controlled. In a presentation of findings, a list of those would
seem to be a necessity. But overall, this is good work that I am sure informed the decision-making
process in the new FCIC move toward the quality by design as seen in future work for FCIC.

The process integration project provided the operational data for use in the other FCIC programs,
including pretreatment and conversion. It was the first attempt to obtain controlled data on the integrated
operation of all the unit operations of the process and as such provides unique data for use by the
remainder of the groups. The data collected on operability, including the number of times human
intervention was required, is particularly useful information about equipment reliability. The
development of a rapid way to predict wear will be a great assistance to engineers selecting the material
of construction.

RECIPIENT RESPONSE TO REVIEWER COMMENTS

We thank the reviewers for their comments. This project was challenging because it was split across two
laboratories (INL, NREL) for the actual experimental baseline runs, with work at two other laboratories
for the equipment wear portion (ORNL, ANL). It was as rewarding as it was challenging, however.

We agree that the lack of a “feedstock control” will make the information collected harder to interpret.
We will consider options to add such a control in future benchmarking experiments. We also agree that
multiple runs of each feedstock would have provided additional information, but we were limited by
time and budget. In the end, we chose to perform single runs on multiple feedstocks rather than repeated
runs on a single feedstock.

We appreciate the reviewer’s comments on the project management. We had very strong teams, which
simplifies project management.
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We agree that more detail should have been included; the milestone reports we submitted in FY 2018
were quite detailed, but this level of information was not presented in the presentation because of time
constraints. We stated that “biomass is variable, and many sources of variability cannot be controlled” on
Slide 31. That was imprecise, however. We should have said that upstream processes
(harvesting/storage/transport) can result in significant variability that the preprocessing and conversion
processes cannot predict and must be able to address. In future years, the FCIC will be looking upstream
from first-stage deconstruction to understand the source(s) and effect(s) of this variability and
developing science-based solutions to the problems caused by this variability.

We are pleased that the reviewers found our results to be valuable, both the operability and the
conversion data. We believe they are already helping to inform work in the FCIC in FY 2019.
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PROCESS CONTROLS AND OPTIMIZATION - INL

Idaho National Laboratory

PROJECT DESCRIPTION

The Process Controls and Optimization project studied the  \pgs: 3.3.1.101
impact of biomass properties on the performance of cID: NLOO33726
preprocessing and primary deconstruction process and
equipment and developed strategies and methods to

Principal Investigator: ~ Dr. Quang Nguyen

achieve greater than 90% operational reliability while Feiod B 10/1/2017-9/30/2020
. . . . Performance:

meeting the specifications of feedstock quality. The .
Process Controls and Optimization project is part of the F=1) 012 UL IS BLEE 800
FCIC, an integrated and collaborative network of eight DOE Funding FY16: $0
national laboratories: ANL, INL, LANL, LBNL, NREL, DOE Funding FY17: $0
ORNL, PNNL, and SNL. DOE Funding FY18: $1,896,300

. . .- DOE Funding FY19: 0
For IBRs to achieve reliable process operability through : el s :

Project Status: Sunsetting

feed handling, preprocessing, and conversion operations, it
is essential to control processing equipment to accommodate a wide range of feedstock properties that affect
the operation of the equipment. These properties include moisture content, ash content, fiber integrity, and
particle size distribution. The project focused on the development and application of in-line sensors and
adaptive control systems that enable reliable operation of feedstock preprocessing equipment as well as low-
temperature and high-temperature primary deconstruction operations while maintaining downstream
conversion performance with wide-ranging feedstock properties.
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The project successfully demonstrated that an autonomous adaptive control system achieved 90% operational
reliability for the two-stage grinding of baled corn stover. The study of comprehensive FCIC project data from
the baseline runs yielded correlations among parameters collected across laboratories, including:

e Physical properties for input biomass materials

e Process control data collected from preprocessing along with low- and high-temperature conversion

e Properties and conversion yields of output materials from those same processes.

Photo courtesy of Idaho National Laboratory

OVERALL IMPRESSIONS

e The demonstration of a method for increasing the uptime of the front end of the biomass process was a
valuable approach to supporting pioneer plants struggling with grinder uptime. The implementation of
advanced control methods and instrumentation allowed for the project team to not only address
downtime issues but also develop a practical method of online compositional analysis to further guide
plant operations. The reviewer recognizes the successful approach of adaptive control to solve the
particular issue with the INL scale and setup, but benchmarking the solution against other alternative
approaches (i.e., bale full/partial rejection, oversizing of grinding) might have further increased the
industrial value/relevance of the work.
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The key findings that further input homogenization of bales and practical capacity limits to the grinding
operation are both relevant for industry and should be considered by equipment suppliers. The scalability
of the INL system will be a secondary activity to realize the full impact of the project work.

This project appeared to be hugely successful in meeting its objectives. It is easy to see how the results
could be applied to commercial applications. Good project execution appeared to yield excellent results.

The PIs developed a robust autonomous feed-forward operating system, and such systems are relevant
for successful bioeconomy projects. They were successful in obtaining solid data about the impacts of
feedstock variability on equipment performance. This is a sunsetting project but will provide good
baseline information to inform the new FCIC activities in this area of work and continue the progress
this work represented.

I believe that controls are a critical part of the FCIC, and the work here has done much to show its value
overall to reducing material variability impacts.

Process control and optimization provides key tools improving the throughput of biofuel production. The
project was conducted using a sound approach the impact on biofuel product seems to be limited to
providing proof of the performance of in-line sensors with an adaptive control loop for a single piece of
equipment. It is a good example, however, of how adaptive control can predict operational problems
before they happen and adjust the parameters to prevent shutdowns. The model developed illustrates the
impact of feed variability and control methods on yields and operability and how focusing on a single
unit can produce significant improvements. It is not clear, however, whether the specific results will be
widely transferable.

RECIPIENT RESPONSE TO REVIEWER COMMENTS

We agree with the reviewer’s comment regarding benchmarking the use of the adaptive control system
to maintain the equipment online against alternative approaches of rejecting off-specification bales (e.g.,
high moisture) or oversizing the equipment because these latter methods result in high biomass loss and
increased capital and operating costs.

We appreciate the reviewer’s comment. We expect that additional work in developing an adaptive
control system will be required for new unit operations and equipment as the FCIC 2.0 R&D activities
progress.

We appreciate the reviewer’s comment. We believe that having the adaptive control system will allow
the avoidance of downtime and, possibly, the need for additional processing steps.

The adaptive control logics should be applicable to most, if not all, biomass preprocessing systems as
well as downstream unit operations. The specific results are applicable to the equipment studied
(hammermill, screw conveyors). Different equipment will have different performance characteristics.
For example, moisture content of biomass has less impact on the capacity of rotary shear devices than
hammermill.
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FCIC OVERVIEW PRESENTATION

Feedstock-Conversion Interface Consortium

PROJECT DESCRIPTION

Many of the serious bottlenecks being experienced in the WBS:

FCIC.1

nascent bioenergy industry are centered on feedstock CID:

NLOOFCIC1

handling and preprocessing operations. Further, these
bottlenecks directly affect the process of feeding

Principal Investigator:

Dr. Michael Resch

feedstocks into the conversion process, conversion Ez:ml‘z?n;);nce- 10/1/2017-9/30/2019
equipment operation, and process integration. The —
complexity and variability in feedstock physical, chemical, F=1) 012 UL IS W
and mechanical attributes directly relate to the operational ~ DOE Funding FY16: N/A
difficulties encountered with handling the elastic solid DOE Funding FY17: N/A
materials, the recalcitrance of feedstocks to efficiently DOE Funding FY18: N/A
convert into products, and the inhomogeneity of DOE Funding FY19: N/A
intermediates resulting in nonuniform conversion. All Project Status: N
ject Status: ew

these issues tend to occur where the feedstock supply

system couples with the conversion process, referred to as the feedstock-conversion interface. These issues are
then largely responsible for the problematic operation of the integrated biorefineries. This is a big, complex

problem that requires robust solutions involving extensive testing and R&D.

because of the increasing importance of these issues, the existing feedstock-conversion related efforts are being
organized into a FCIC, which became fully integrated and functional in FY 2018. This consortium is funded
by the three BETO programs: FSL), Conversion, and ADO. The FCIC goals are to identify and address the
impacts feedstock chemical, mechanical, and physical variability have on supply logistics, storage handling,
preprocessing, conversion equipment operation, and process integration to develop and demonstrate improved
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integrated feedstock conversion. The DOE national laboratories possess unique and differentiated capabilities
in biomass characterization, preprocessing of various biomass into on-specification feedstocks, high- and low-
temperature conversion technologies, physical and mechanical modeling, and integrated analysis of economic
and sustainable impacts. All these capabilities will be leveraged to establish a consortium that surpasses what
an individual laboratory can deliver. The FCIC consists of six projects with an integrated and collaborative
network of eight national laboratories (ANL, INL, LANL, LBNL, NREL, ORNL, PNNL, and SNL). The FCIC
R&D efforts are focused on five primary areas: (1) Feedstock Variability and Specification Development, (2)
Feedstock Physical Performance Modeling, (3) Process Integration, (4) System-wide Throughput Analysis,
and (5) Process Controls and Optimization, with a sixth area related to industry engagement and project
management.

The reliability issues addressed by the FCIC projects are significant barriers to the growth and success of the
biofuel industry. The FCIC was set up to develop scientific knowledge and solutions needed to overcome these
barriers and will work with industry to translate FCIC outputs to industry operations. Meeting the FCIC goals
will lead to consistently functioning biorefineries, improved profitability, and increased investment and use of
the billion tons of available biomass resources. This presentation provides an overview and scope of the
consortium and highlights the interactions among the five R&D projects.

OVERALL IMPRESSIONS

e The FCIC has been valuable to validate main feedstock factors facing pioneer plant operations through a
comprehensive approach of characterization, modeling, and demonstration. Use of the full breadth of the
national laboratories through higher levels of inter-laboratory coordination has been useful to leverage
unique knowledge and skill sets available within the greater national laboratory network that longer term
will create increased value to taxpayers. BETO should continue to look for industry roadblocks where
the consortium (and inclusion of IABs) can have this kind of positive impact within such a short
development cycle.

e The FCIC consortium and funding are correctly targeted at a key factor that has prevented biofuel
refineries from achieving the target performance predicted by the laboratory experiments. The lack of
consistent feedstocks and equipment reliability have been the reasons for failure on many projects and
have suppressed interest by investors in the bioeconomy. It is difficult for groups attempting to
commercialize biorefineries to perform this type of basic research. Any work providing high-quality data
in this area is critical to future success. The work this year was to establish baseline information that will
be useful for future work. The projects from this year are not being renewed, except for the annual
operating plan projects with industry partners. The FCIC area is being refocused on a more fundamental
approach. I believe that the 2017 projects were all worthwhile, however, and would have provided
results that would have helped many biotechnology developers. One limitation was the focus on a
limited range of processes and conditions. The planned refocusing on fundamentals might provide
information with a wider impact.

RECIPIENT RESPONSE TO REVIEWER COMMENTS

The recipient choose not to respond to the reviewers’ overall impressions of their project.
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FCIC FY 2019 AND BEYOND PLANS

Feedstock-Conversion Interface Consortium

PROJECT DESCRIPTION

Many of the process bottlenecks and difficulties WBS: FCIC.2
experienced in the nascent bioenergy industry are centered . NLOOFCIC2
on feedstock handling and preprocessing operations, the
process of feeding feedstocks into the conversion process,
conversion equipment operation, and process integration.
These specific issues—including the complexity and
variability in feedstock dimensional, physical, chemical,

Principal Investigator: ~ Dr. Zia Abdullah

Period of
Performance:

Total DOE Funding: $9,000,000

10/1/2018-9/30/2020

and mechanical attributes; the operational difficulties DOE Funding FY16: $0
encountered with handling solids; recalcitrance of DOE Funding FY17: $0
feedstocks to be efficiently converted into fuels and DOE Funding FY18: $0

products; and inhomogeneity of intermediates resulting in DOE Funding FY19: $9,000,000
nonuniform conversion—all mostly occur where the
feedstock supply system couples with the conversion
process. This is referred to as the feedstock-conversion interface, and this is where problematic operation of
the integrated biorefineries is experienced. To address this, the FCIC was formed, leveraging core capabilities
at ANL, SNL, LANL, LBNL, INL, NREL, ORNL, and PNNL.

Project Status: New

Presently, biorefineries are designed and built by firms that have engineered equipment mostly for the mature
agricultural and pulp and paper industries, where the processes are well understood. The approach used for
mature industries is usually incremental, and it is not suitable for new industries, where the physics of
conversion processes, the impact of feedstock variability, and scale-up rules are not well understood.
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A key hypothesis underlying FCIC’s framework is that poor quantification, understanding, and management of
variability in biorefinery streams contributes significantly to the inability of biorefineries to operate
continuously and profitability. To address this problem, the FCIC will employ the quality-by-design approach
originated by the pharmaceutical industry to manage variability in process streams in a very disciplined
manner.

The objectives of the FCIC are to:

1. Develop knowledge and tools that will help technology developers so that with improved design, as well
as process specifications, a greater number (~70%) of biorefineries will succeed through startup and
continuous operation.

2. Develop a framework through which technology developers will be able to assess the quality and value
of various streams in their processes for the purpose of using that valuation to make decisions to achieve
Objective 1.

CPPs
Canthe CQAbe | No g ST ]
l l l l impacted by No or low risk/criticality
process variables
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o =
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Q
£
v

High Risk/Criticality

Photo courtesy of Feedstock-Conversion Interface Consortium

OVERALL IMPRESSIONS

o Future FCIC efforts to scale down integrated processes by developing transfer functions between unit
operations is a good approach to not only better understanding each block but also allowing for easier
assimilation of local process developments into holistic process operation. It would be good to create
some visualization/training on how these would be used by equipment manufacturers so that those who
are not familiar with the method would be able to use the results and hence also provide relevant
feedback to the projects.

o The 500-hour integrated run goal is a good way to establish validity of both the development
methodology as well as the actual process improvements; however, only a 70% success rate is not, so
what that means to industry/investors needs to be clarified.

e This FCIC FY 2019 proposal is a major improvement over the 2018 plan. It includes more specific
milestones and objects. It describes a new overall approach based on focusing on fundamentals and the
quality-by-design approach. The critical success factors are clearly identified. The FCIC has the potential
to greatly impact the biomass-to-fuel and renewable chemicals process by addressing an area that has
been neglected in the past. It would be useful if the impact on improvements related to the FCIC
program could be estimated. What is the sensitivity of throughput on the price of the product? Most
continuous chemical technologies assume a 90% operational uptime. How much was conversion
improved by monitoring feedstock quality? One concern is that the use of a pharmaceutical approach for
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a low-margin, high-capital process might not be a good fit. What is the effect on feedstock costs? The
TEA analysis is critical and needs to be considered in all the project work.

There is much to like in this presentation of the reboot and rethinking of the approach of the FCIC;
however, the central piece to this plan being the adoption of the quality-by-design product development
approach used in the pharmaceutical industry might prove to be both the strength and weakness of the
project. Only time will tell. We will learn a great deal by using this design philosophy to produce
commodity fuels and chemicals instead of medicine. I do believe that there needs to be rigorous controls
in place to not slip into making designer biomass feedstocks. Trying to reduce variability could easily
lead one down that path.

The new approach outlined will be a good new perspective, but much of the actual work will remain
similar to before. I like the focus on making sure first principles are mostly used and that the product
quality defines the design.

RECIPIENT RESPONSE TO REVIEWER COMMENTS

Thank you for the suggestion to create a visualization-based training tool. This is a good idea, and we
will explore opportunities for implementation.

The success rate of 70% was chosen as an aspirational goal to acknowledge the significant challenges
that face biorefineries. We agree that this will be very difficult to measure but hope that this will inspire
our research teams to make great strides to improve the success rate. By significantly improving the
success rate, we will identify the largest impacts on failure and focus on further increment improvements
in the future.

Thank you for the feedback. We plan to conduct extensive TEA and use the results to guide research
priorities, the impact of performance improvements, as well as uptime.

Task 8 will include TEA activities for the key areas of preprocessing, low-temperature conversion, and
high-temperature conversion. We recognize that constraining downstream critical material attributes
(CMAs) too tightly will simply result in shifting apparent costs upstream, so Task 8 includes the
development of process-wide TEAs to minimize costs at the system level.

We also appreciate the relative insensitivity of the pharmaceutical approach to cost and will strive to
adjust our approach to high-capital, low-margin processes.

Thank you for the feedback. We plan to conduct extensive TEA and believe that this will enable us to
focus on improving the conversion processes.

Because we will be constrained by the final product cost targets, the TEA will prevent us from defaulting
to the solution of “designer feedstock,” which will tend to be too expensive to allow us to meet those
product cost targets.
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INTRODUCTION

The Advanced Algal Systems (AAS) Program Area was reviewed during the 2019 Bioenergy Technologies
Office (BETO) Project Peer Review. The review took place March 4-7, 2019, at the Hilton Denver City
Center in Denver, Colorado. A total of 36 projects were reviewed in the AAS session by a review panel of five
external experts from industry.

This review addressed a total federal share of approximately $108,000,000 (Fiscal Year [FY] 2016-FY 2019
obligations) in financial assistance awards and national laboratory direct funding, which represents
approximately 14.1% of the dollar value of the overall BETO portfolio reviewed during the 2019 Project Peer
Review. During the Project Peer Review meeting, the principal investigator (PI) for each project was given 30
minutes to deliver a presentation and respond to questions from the review panel.

Projects were independently evaluated and scored by the review panel plans using one of three standard review
criteria and scoring rubrics (see introduction of report) depending on the age of the project—e.g., new start,
ongoing, and sunsetting. Scoring criteria included the project approach, technical progress and
accomplishments, relevance to BETO goals, and future work. This section of the report contains the results of
the Project Peer Review, including average score by criteria for each project, summary comments from each
reviewer, and any public response provided by the PI. Overview information on the AAS Program, scoring
results and analysis, the Review Panel Summary Report, and the Technology Area Programmatic Response are
also included in this section.

ADANCED ALGAL SYSTEMS OVERVIEW

The mission of the AAS Program is to reduce the cost of algal biofuels through public/private partnerships for
early-stage research and development (R&D) on sustainable algae production, logistics, and conversion to
biofuels. Projects presented within the AAS session address a diverse range of topics, including algal biology;
algal cultivation; harvest and processing logistics; conversion interfaces and conversion technologies; and
analyses of high-value coproducts, techno-economics, sustainability, and resource availability.

AAS R&D focuses on showing progress toward achieving high-yield, low-cost, environmentally sustainable
algal biomass production and logistics systems that produce algal feedstocks well suited for conversion to fuels
and other valuable products. Algal biomass includes micro- and macroalgae as well as cyanobacteria. Algal
feedstocks include concentrated whole algal biomass, fermentable substrates, extractable lipids, secreted
metabolites (alcohols or others), or biocrude resulting from hydrothermal liquefaction (HTL). These feedstocks
must be upgraded, blended, and/or purified to produce a finished fuel or bioproduct. Developing algal
feedstocks to achieve BETO’s advanced biofuel price goals requires breakthroughs along the entire algal
biomass supply chain.

ADVANCED ALGAL SYSTEMS SUPPORT OF OFFICE PERFORMANCE GOALS

The AAS Program performance goal is to deliver technologies that can enable the verification of technical
performance of algae cultivation, harvesting, and conversion processes at the engineering scale capable of
converting algal feedstocks to biofuels and bioproducts in support of BETO’s goals for the mature modeled
minimum fuel selling price (MFSP) of $2.5/gallons gasoline equivalent (GGE) for biofuels by 2030. For
details on the program’s technical goals and milestones, please review BETO’s Multi-Year Plan (MYP).

ADVANCED ALGAL SYSTEMS APPROACH TO OVERCOMING CHALLENGES

The AAS Program approach to overcoming challenges and barriers is outlined in the work breakdown
structure (WBS), organized around five key activities. Current activities are focused on:

e Algal strain improvement
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e (Cultivation system improvement

e Improving the capacity and efficiency of harvesting, preprocessing, storage, and handling
e Characterizing algae to interface appropriately with conversion methods

o Integrating algal R&D systems.

These activities are performed by national laboratories, universities, industry, and consortia teams.

ADVANCED ALGAL SYSTEMS REVIEW PANEL

The following external experts served as reviewers for the AAS Program during the 2019 Project Peer Review.

Name Affiliation

Toby Ahrens* Larta Institute

Louis Brown Synthetic Genomics

Michelle Legatt Patagonia

Jose Olivares Elsevier & Biologic Energy Partners
Becky Ryan Indigo Agriculture

* Lead reviewer
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TECHNOLOGY AREA SCORE RESULTS
Average Weighted Scores by Project

MREL {1 3.5.201): Algae Technology Educational Consortium
IML {1.3.2.100): Algal Feedstocks Logistics and Handling

Arizona State University (1.2.5.100): Algae Testbed Public-Private Partnership (ATP3) - a RAFT Partnership

Global Algae Innovations, Inc. (1.3.5.211): Development of Algal Biomass Yield Improvements in an
Integrated Process

PNNL{1.3.5.203): Microalgae Analysis

Global Algae Innovations, Inc. (1.3.2.320): Algae Production CO2 Absorber with Immaobilized Carbonic
Anhydrase

PNNL(1.3.1.501): Algae DISCOVR

MREL (1 3.5.200): Algal Biofuels Techno-Economic Analysis

NREL (1.3.2.001): Algal Biomass Compaosition

LANL {1.3.1.600): Algal Translational Genomics

LANL (1.3.1.001): Robust Genome Engineering Tools for the Algal Research Community
MNREL (1 3.5.270): Rewiring Algal Carbon Energetics for Renewables (RACER)

PNNL(1.3.5.202): HTL Model Development

Stabllrty wlth Rationally Designed Consortla
MREL (1.3.1.130): Algae Biotechnology Partnership

Global Algae Innovations, Inc. (1.3 2 630): Prevention of Low Productivity Periods in Large-Scale Microalgae
Cultivation

LANL (1.3.1.100): Functional Characterization of Cellular Metabolism

Arizana State University (1.3.2.910): Direct Photosynthetic Production of Biodiesel by Growth-Decoupled
Cyanobacteria
The Colorado School of Mines (1.3.2.640): High-Throughput Directed Evolution of Marine Microalgae and
Phototrophic Consortia for Improved Biomass Yields
University of California, San Diego (1.3.2.210); Integrated Pest Management for Early Detection Algal Crop
Production

NREL (1.3.1.301): Cyanobacteria Photosynthetic Energy Platform
Colorado School of Mines (1.3.5.300): PACE: Producing Algae for Coproducts and Energy
LLML (1.3.2.652) Microbiome Engineering of Desmod esmus to Alleviate Carbon Limitation
University of Arizona (1.3.5.111): Regional Algal Feedstock Testbed Partnership

LLNL {1.3.2 300} Continuous Biological Protection and Control of Algal Pond Productivity

SNL {1.3.2.130): Attached Periphytic Algae Production and Analysis

University of California, San Diego (1.3 .2 650); Developing Advanced Genetic and Synthetic Biology Tools for
Improved Algae Productivity

LANL (1.3.1.120): Multiscale Characterization of Improved Algae Strains

Algenal Biotech, LLC {1.3.5 260} Production of Biocrude in an Advanced Photobioreactor-Based Biorefinery

MicroBio Engineering Inc. (1.3.5.243): Integrated Low Cost and High Yield Microalgal Biofuel Intermediates
Production
The University of Toledo (1.3.2.651): 4 Comprehensive Stratesy for Stable, High Produetivity Cultivation of
Microalgae with Controllable Biomass Composition

Arizona State University (1.3.2.330): Atmospheric COZ2 Capture and Membrane Delivery
Lumen Bioscience, Inc. {1.3.2.601). SOFAST. Streamlined Optimization of Filamentous Arthrospira /
Spirulina Traits
Arizona State University (1.3.2.920): A Novel Platform for Algal Biomass Production Using Cellulosic
Mixtrophy
Duke University (1.3.5.310): Marine Algae Industrialization Consortium (MAGIC): Combining Biofuels and
High-Value Bioproducts to Meet RFS

o
Sunsetting _Ongoing _New
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ADVANCED ALGAL SYSTEMS REVIEW PANEL SUMMARY REPORT

Prepared by the Advanced Algal Systems Review Panel

BETO’s AAS Program provides funding for a range of disciplines necessary for advancing energy production
from algae at commercially meaningful scales. Project performance appears to be in good alignment with
MYP goals, and state-of-technology (SOT) estimates of the cost of algal-based fuels ($/GGE) continue to trend
toward meeting mid- and long-term BETO goals. Projects span a broad range of disciplines, including applied
genetics, crop stability, engineered systems, logistics, and conversion, among others. Funded projects address
individual bottlenecks as well as larger integrated efforts. Funding for continued incremental advances appears
to be balanced with earlier stage high-risk/high-reward projects with transformative potential. Continued
investment across the supply chain is still warranted.

The projects receiving the top four overall scores across the rating categories (i.e., approach, accomplishments,
relevance, future work) reflected the institutional diversity and breadth of disciplines supported by the
program. The top projects included two national laboratories, a university, and a private company. The highest
ranked project targeted education and workforce development, followed by projects on logistics, public-private
test beds, and large-scale integration.

e National Renewable Energy Laboratory (NREL), Algae Technology Educational Consortium (ATEC):
This project reported broad-reaching impacts through curriculum development and coursework delivery
for K—12 schools, community colleges, and continuing education.

¢ Idaho National Laboratory (INL), Algal Feedstocks Logistics and Handling: This well-managed project
used a unique approach to address the stability of seasonal storage of algae. Improved storage could
allow for processing in a lower cost facility designed for average annual production rather than a larger,
more expensive facility designed for peak productivity but with spare capacity much of the rest of the
year.

e Arizona State University, Algae Testbed Public-Private Partnership (ATP3) - a Regional Algal
Feedstock Testbed (RAFT) Partnership: This public-private partnership provided access to a network of
test beds and supported many studies that fed into BETO’s SOT and other modeling efforts. Project
participants included industry, academic, and laboratory partners. A wide range of efforts included
education and training, high-quality publicly available cultivation data, method harmonization, and
benchmarking/validation of many cultivation and conversion technologies.

e Global Algae Innovations, Inc. (GAI), Development of Algal Biomass Yield Improvements in an
Integrated Process: This project integrated several innovations in an industrial setting, including
improved contamination control, development of a low-energy harvester, and optimized drying and
extraction. Reductions in cost across the supply chain resulted in a modeled selling price of $2.51/GGE.

Overall, the AAS Program is on track to address critical technology barriers and to meet MYP goals. Projects
continue to report productivity improvements, and there appears to be good communication and coordination
among national laboratories, public-private test beds, and industry partners. Interconnectivity among
laboratory-led research projects was noted as a weakness in the prior program review but is one of the
strengths and portfolio highlights in this current review. Continued advances in productivity improvements,
culture stability, and coproduct development remain high priorities.

IMPACT

Progress is being made on many barriers and technical challenges identified in the MYP, and similar to
conclusions from the previous peer review, government funding continues to play a critical role in de-risking
technologies prior to significant private capital investment.
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Several projects warrant specific mention. First, the effort on microalgae analysis led by Pacific Northwest
National Laboratory (PNNL) continues to improve industry standards for biomass quantification and has
provided recommendations that are widely disseminated and easily accessible. The project has improved
confidence in data underpinning the SOT and techno-economic analysis (TEA), which are used to prioritize
program funding. Method standardization across projects in the portfolio contributed to vast improvements in
the clarity of methodologies used for productivity reporting in this current review, which had been noted as a
point of confusion in previous reviews.

Notable progress has also been made on algal productivity, including understanding genetic traits for
productivity (e.g., NREL’s Rewiring Algal Carbon Energetics [RACER] project, Lawrence Berkeley National
Laboratory’s [LBNL’s] Genetic Blueprint of Microalgae Carbon Productivity, the Colorado School of Mines
project on High-Throughput Directed Evolution of Marine Microalgae and Phototrophic Consortia for
Improved Biomass Yields) as well as demonstrated improvements in measured productivity in an outdoor,
integrated industrial environment (e.g., GAI’s Development of Algal Biomass Yield Improvements in an
Integrated Process). The program’s understanding of microbial diversity continues to expand (e.g., New
Mexico Consortium’s Success Through Synergy: Increasing Cultivation Yield and Stability with Rationally
Designed Consortia project, Lawrence Livermore National Laboratory’s [LLNL’] microbiome work), which
will be critical for designing strategies for large-scale culture stability and integrated pest management
strategies (e.g., University of California San Diego’s project on Integrated Pest Management for Early
Detection Algal Crop Production).

Other impactful projects have focused on specific bottlenecks in the supply chain, such as GAI’s project on
carbon dioxide (CO;) capture and delivery (Algae Production CO, Absorber with Immobilized Carbonic
Anhydrase) and INL’s project focused on seasonal storage to enable consistent year-round biomass supplies
for conversion facilities. INL’s project feeds nicely into other downstream processing efforts, such as PNNL’s
work on HTL model development.

The NREL-led ATEC project was also notable in terms of the breadth of its impact on K—12 and continuing
education students and programs.

INNOVATION

Advances are still needed across the supply chain, and BETO is supporting innovation through an appropriate
mix of steady incremental advances and high-risk, high-reward opportunities. Funding for novel approaches is
encouraged if kept at a small number of projects, as is the case in the current portfolio. Notable innovations
included:

e Carbon capture and delivery: GAI, Algae Production CO> Absorber with Immobilized Carbonic
Anhydrase

e Microbiome: New Mexico Consortium, Success Through Synergy: Increasing Cultivation Yield and
Stability with Rationally Designed Consortia; and LLNL, Microbiome Engineering of Desmodesmus to
Alleviate Carbon Limitation

e Diverse genetic improvement methods supported by strong justifications for target strains: NREL,
RACER; LBNL, Genetic Blueprint of Microalgae Carbon Productivity; and Colorado School of Mines,
High-Throughput Directed Evolution of Marine Microalgae and Phototrophic Consortia for Improved
Biomass Yields

e Coproduct development: Arizona State University, Direct Photosynthetic Production of Biodiesel by
Growth-Decoupled Cyanobacteria; and Duke University, Marine Algae Industrialization Consortium
(MAGIC): Combining Biofuels and High-value Bioproducts to Meet Renewable Fuel Standards (RFS).
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Several projects targeted innovative approaches to coproduct valorization, but some lacked techno-economic
considerations comparable in quality to the SOT and TEA efforts for transportation fuels. For example,
coproducts could require downstream processing steps such as separations, drying, purification, and/or
formulation steps, and they might have additional regulatory considerations. Several projects reported exciting
potential for novel coproducts, but one or more considerations in the preceding list were not included.

The proportion of risk in the portfolio appeared to be appropriate. In addition, projects should be encouraged to
share challenges broadly to help accelerate the pace of the program’s innovation, especially for high-risk
efforts. Learning from these challenges could serve as an important foundation for future work.

SYNERGIES

In general, national laboratories provided clear articulation of multi-investigator and cross-laboratory
collaboration, and these harmonization efforts contributed to the national laboratories receiving 7 of the highest
10 scoring projects. However, high ratings were not distributed evenly among all national laboratories.
Interconnectivity among laboratory-led research projects associated with technology, life cycle assessment
(LCA), and TEA appears to be strong, such as research feeding modeling efforts supported by PNNL, Argonne
National Laboratory (ANL), and NREL.

Another improvement from the previous peer review was industry engagement through formal collaboration
and industry advisory board (IAB) involvement. Two large national laboratory-led projects—the PNNL-led
Development of Integrated Screening, Cultivar Optimization, and Verification Research [DISCOVR] project
and the NREL-led RACER project—included IABs that appeared to convene on a regular basis and were
engaged with project leadership. Industrial strains were also included in standardized productivity tests in
laboratory-led projects (e.g., strains shared by Algenol).

There seem to be several opportunities for improved collaboration with other U.S. Department of Energy
(DOE) Office of Energy Efficiency and Renewable Energy (EERE) programs. First, the AAS Program has
funded innovative work in carbon capture and use for many years, and carbon use efficiency efforts in other
EERE programs are encouraged to work openly with the AAS Program to build on these strengths. Second, if
the AAS Program de-emphasizes large-scale demonstrations, the Advanced Development and Optimization
Program appears to be a logical partner to fund critical pilot- and demonstration-scale activities in continuous,
outdoor environments. Third, the portfolio includes many diverse approaches for genetic improvement of
various strains, and there might be opportunities for collaboration on approaches used in other EERE programs
focused on improvement of industrial microbes.

FOCUS

The peer review covered 36 projects, including 21 projects from national laboratories, 11 university-led
projects, and 7 projects led by private companies. Many included multi-institutional collaborations. Funding
was provided through a broad group of funding opportunity announcements (FOAs), ranging from
opportunities to address specific bottlenecks, larger integrated multi-institutional efforts, and a call for
innovative approaches that were not covered by previous FOAs. Reviewed projects included new efforts,
projects in the middle of their funding period, as well as sunsetting projects. Funding covered the full supply
chain—from genetic improvement of crops, crop stability, scale-up and production, harvesting, and logistics,
through conversion and final products. The breadth of the portfolio was reflected in national laboratory-led
projects, which included research on education, standards development for analyses, genetic improvement,
culture stability, screening and scaling, logistics, conversion, and large-scale techno-economic modeling.

Funded projects appear to be well-aligned with the barriers and technical challenges outlined in the MYP. One
gap noted in the previous peer review was a lack of interaction with end users of products and coproducts. This
gap remains, and the program is encouraged to prioritize involvement with end users of all products that
contribute significantly to financially viable approaches.
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COMMERCIALIZATION AND RECOMMENDATIONS

The AAS Program has made consistent progress on MYP goals, and the quality of data underpinning the SOT
and TEA continues to improve. After hearing progress from portfolio projects, the peer review panel has
several recommendations that it feels will help the program continue its path to supporting cost-competitive
energy production from a commercial algal industry.

Coproduct valorization appears to continue to be critical to support viable techno-economics for large-scale
energy applications. Development efforts must include explicit product targets, including product
specifications, downstream processing costs (separation, purification, formulation), supply chain logistics, and
pricing assumptions. In addition, SOT models assume coproducts will play an important role in fuel techno-
economics, but there is little consensus on whether early reliance on high-value coproducts can be easily
transitioned to mid-value or commodity-scale coproducts. Future efforts will need to be explicit in identifying
product targets, pricing, and processing assumptions to maintain relevance. Related TEA should be integrated
throughout projects and used to prioritize effort when appropriate.

Another area for improvement includes further definition of what “outdoor conditions” mean to BETO and
future commercialization efforts. If a future algal industry depends on production in large-scale open ponds,
then testing in conditions that will be representative of environmental exposures is critical. Many projects
acknowledged this challenge but defined outdoor conditions in different ways, with some addressing one
specific environmental exposure and others addressing many variables. Program guidance for this stage of
testing is suggested. Outdoor test bed facilities are critical, and the program currently relies heavily on a small
number of test beds. The program is encouraged to maintain funding for current test beds and consider adding
additional sites to capture additional variability in climate, source water, and pest pressures, which will be
important for broad industry deployment. The scope of research in exposed environments should also include
iterative outdoor-indoor testing, such as pond forensics, quality verification, ecology, and efforts to learn from
stable outdoor cultures.

Promising results from early-stage genetic improvement work are being scaled up for continued testing in
outdoor conditions, and use in test beds or industrial environments requires appropriate regulatory compliance.
Several groups have worked hard to ensure current compliance, but these efforts will likely increase in number
and scale in the future. The program is encouraged to support funding for risk assessment tools to inform
future regulatory compliance.

Although the quality of data is improving overall, many projects could still benefit from improved
experimental design. Objectives should be quantitative and defined prior to the experiment, the scale and
duration of tests should match the question being asked, and data should be reported with appropriate statistics
(n values, error bars, significance). Statistical standards should be encouraged for data integrity in modeling
efforts such as the SOT and TEA.

The program is advised to encourage open discussion of lessons learned with funding recipients. Insights from
challenges could be as valuable as filtered reporting of positive results.

Finally, the AAS Program has been a leader in carbon capture and use innovation, and the program is
encouraged to have open and direct collaboration with carbon use efficiency efforts in other EERE programs.
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ADVANCED ALGAL SYSTEMS PROGRAMMATIC RESPONSE
INTRODUCTION/OVERVIEW

The AAS Program staff thanks the review panel for commending the strategic direction of the program as well
as the technical progress of AAS projects. The AAS Program strategy for prioritizing R&D gaps identified by
the rigorous national laboratory-led analysis portfolio and working to close them with targeted calls for
proposals has proven successful. We will continue to work along the supply chain to bring about foundational
and impactful R&D to support BETO’s goals. Although the AAS Program has a clear technology pathway of
focus for benchmarking success, we make room in our portfolio for opportunities for innovation and novel
technologies. BETO thanks the panel for acknowledging how critical government funding is in supporting this
innovative technology area to reduce risks for private investors. We closely coordinate with industry and
stakeholders through advisory groups, in-person meetings at DOE, workshops, Requests for Information, and
conferences to ensure that the R&D we fund is relevant, necessary, and well planned. The review panel
recognized the improvements we have made in national laboratory coordination and in industry engagement
since the 2017 review. The AAS Program is well positioned to help accelerate the growth of the U.S.
bioeconomy by filling a key role in the portfolio of domestic bioenergy feedstocks.

Recommendation 1: Coproduct valorization.

The AAS Program recognizes the key role that coproducts play in reducing the MFSP of algal biofuels. AAS
continues to work toward better incorporation of technical standards for products within FOAs to ensure that
selected projects understand product targets, pricing, size of market, adjacent markets, and processing
assumptions to support commodity-scale production volumes and make appropriate contacts with downstream
product users. AAS continuously improves the methodology for competitive project technical and financial
verifications at the initiation, midpoint, and end of projects to ensure that projects are both disciplined and
agile in responding to R&D learnings as projects progress.

Recommendation 2: Support outdoor testing.

The AAS Program agrees with the review panel that testing algal systems in conditions representative of
commercial outdoor exposure remains a critical area of emphasis to continue making progress in overcoming
challenges to algal fuel and products. AAS continues to develop strategies that are informed by outdoor testing
requirements so that projects consider methodologies informed by minimum requirements to test outdoor
deployment readiness. AAS also notes the panel’s comment that publicly funded outdoor test bed facilities are
a critical resource for high-impact R&D developments and data generation. AAS might continue to pursue test
beds and could consider incorporating additional sites to add geographically diverse data points to support
broad industry deployment in the United States. The FY 2019 AAS area of interest in the larger BETO-wide
competitive FOA topic aligns with the panel’s specific request to increase iterative indoor-outdoor-indoor
testing of algal strain and cultivation technologies to identify and improve upon highly productive and robust
mass cultures. Although the AAS Program’s mission space does not include setting national regulatory
policies and standards, the program remains informed of developments in this area through its involvement in
the federal Biomass R&D Board Algae Interagency Working Group that includes representatives from federal
agencies that are in this space.

Recommendation 3: Improve data quality.

With each competitive funding opportunity, AAS strives to improve upon the rigor of the technical verification
process. These verifications help projects improve their experimental designs before work commences and
understand progress toward projects’ interim and final targets. AAS will continue to consider how projects are
incorporating appropriate experimental designs, controls, and statistics as well. Within the national laboratory
analysis portfolio, AAS can encourage all BETO-funded analysis projects to consider their statistical
standards.
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Recommendation 4: Share lessons learned.

The review panel suggestion to encourage open discussion of lessons learned, including insights from
challenges and failures, is a broadly applicable suggestion. AAS will continue to request that project
performers publish, present at conferences, and amplify success stories as well as lessons learned to ensure that
government-funded work informs future technical efforts throughout the field. AAS has published scale-up
challenges and lessons learned from the algal process development scale and integrated biorefineries within the
National Algal Biofuels Technology Review.!

Recommendation 5: Carbon use efficiency.

AAS notes the review panel’s recognition of the program’s leadership in carbon use innovation. As we
continue to execute our strategies for carbon use in algal systems, we will continue efforts to coordinate within
BETO and with the DOE Office of Fossil Energy on CO, management R&D. We will work to investigate
other potential collaborations within EERE and DOE to further algal systems potential to contribute to
advancements in circular carbon economy strategies.

1'U.S. Department of Energy. 2016. National Algal Biofuels Technology Review. U.S. Department of Energy, Office of Energy
Efficiency and Renewable Energy, Bioenergy Technologies Office, 66—71.
https://www.energy.gov/sites/prod/files/2016/06/f33/national _algal biofuels technology review.pdf.
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ROBUST GENOME ENGINEERING TOOLS FOR THE ALGAL RESEARCH
COMMUNITY

Los Alamos National Laboratory

PROJECT DESCRIPTION

To achieve target levels of biomass and biofuel production,  wpgs: 1.3.1.001
it would be beneficial to greatly increase the number of cID: NLOO34646
genetically engineered algal strains under development to
maximize algal biomass and improve biofuel and high-
value bioproduct yields. This increase, however, requires
changing algal genome editing and metabolic engineering
experiments from a slow and arduous process, developing

Principal Investigator:  Dr. Blake Hovde

Period of
Performance:

Total DOE Funding: $200,000

10/1/2018-9/30/2020

and testing only one or a few mutants at a time, to a more DOE Funding FY16: $0
rapid “prototype”-focused (i.e., characterization of large DOE Funding FY17: $0
numbers of genetically engineered strains) endeavor. The DOE Funding FY18: $0

algal community needs a better set of molecular tools. This o Fy nding FY19: $200,000
project aims to address two of the biggest 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 cassettes for algal production strains. Currently, only a handful of extremely
strong promoters are being used to drive gene overexpression for products of interest. Although these
promoters will work to improve algal productivity in certain cases, researchers recognize that a wider variety
of promoter sequences can be used to fine-tune expression with the potential to improve algae as a production
platform, as demonstrated in current bacterial and yeast systems. The second problem is a lack of precise and
rapid generation of new genetic mutants. Currently, most of the time spent on genome metabolic engineering

Project Status: New
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projects is simply generating the desired mutants. This leaves little time for characterizing mutant properties,
let alone generating many mutants for characterization. To address these issues, we are performing two tasks
during this seed project to model a rapid approach for generating engineering toolboxes for algal production
strains:

e Task 1: Transcriptomic evaluation of Nannochloropsis salina in multiple environments for identification
of variable-strength constitutive promoters and inducible promoters.

e Task 2: Validation and curation of a promoter library for inducible and variable-strength promoters for
N. salina.

The output of this project will directly benefit BETO MYP barrier Aft-C: Biomass Genetics and Development,
specifically regarding more control of synthetic biology and algal metabolic engineering efforts and
significantly increasing the throughput of genetic engineering targets chosen as objectives for upcoming efforts
to improve algal production. The investment in developing these tools now will pay dividends in upcoming
years by removing large technical hurdles that currently hinder many projects. This work will provide access to
an initial curated promoter library for N. salina that will be available to the algal genome engineering research
community. This work will also provide a road map for the rapid development of molecular toolboxes for
additional algal production strains.

Exisiting: Goal:

Strong constitutive promoters Variety in promoter strength
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presence — Temperature
of nitrate NIT1 Nitrogen starvation

Photo courtesy of Los Alamos National Laboratory

OVERALL IMPRESSIONS

o This project’s genetic engineering methodology strives to accelerate the time to identify and verify
promotors and promotor strengths. If successful, the team will establish an important baseline for future
applications.

o The project is clear and concise with reasonable goals for a 1-year project.

106 ADVANCED ALGAL SYSTEMS



2019 PROJECT PEER REVIEW

o This kick-starter project is a nice complement to the portfolio of BETO projects. The project team is
working toward opportunities to make connections across the portfolio of projects. There is a clear focus
on the rapid development of a genetic tool for use in an industrial relevant algal strain. Successful
completion of the project will positively impact strain and tools development in alignment with MYP
targets.

o This is a small, targeted project with clear direction and good relevance to the BETO mission and
concurrent projects at national laboratories. The project is early in its merit review cycle, and initial
accomplishments are on track. Future work tied to original project objectives appears to have a high
chance of success.

RECIPIENT RESPONSE TO REVIEWER COMMENTS

e Our team appreciates the positive feedback and the review committee’s recognition that this work will
improve the rate at which new algal genetic strains can be generated and improved. In addition, the
reviewers recognized that the scope of work presented was appropriate for the project timeline and
budget as a proof-of-concept task. Upon successful completion of this project, the applied model of
using transcriptomic data to rapidly develop native promoter libraries for immediate use will be
presented and expanded upon to (1) quickly generate useable promoter libraries for current and new
BETO algal production strain candidates and (2) release a public-facing tool for users to generate
candidate promoter libraries from their own transcriptomic data collections for new algal species of
interest. These outcomes are synergistic with other BETO projects through leveraging existing or
planned data collection as inputs. Expanding this project would likely provide beneficial outputs for
other advanced algal system endeavors.
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FUNCTIONAL CHARACTERIZATION OF CELLULAR METABOLISM

Los Alamos National Laboratory

PROJECT DESCRIPTION

The objectives of this project are to integrate WBS: 1.3.1.100
blotechnology at}d genomic Qevglopments er 1mproved cID: NLOO26328
algal lines coordinating multiomic characterizations,
genetic engineering, and flow cytometry phenotyping for

Principal Investigator:  Dr. Scott Twary

universal applications to algal strain productivity and PR @F . 10/1/2016-9/30/2020
robustness improvements. We will directly focus on Performance: -

engineering nitrogen regulatory responses altering carbon Total DOE Funding: A0

dynamics to optimize biomass and product flux, DOE Funding FY16: $1,000,000
developing flow cytometry tools for rapid physiological DOE Funding FY17: $650,000
characterization and the development of robust strains, and  DOE Funding FY18: $650,000

developing novel epigenetic understanding of DOE Funding FY19: $650,000
physiological regulation to develop techniques for Project Status: el

accelerated strain improvement through an integrated
improvement platform. This work will develop novel capabilities through an expanded suite of flow cytometry
physiological assays, expanding the molecular engineering toolbox of Nannochloropsis salina to include
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and CRISPR-associated (Cas), and
defining and regulating epigenome responses. These developments will identify key functional pathways and
regulatory mechanisms as targets for advanced improvement strategies. We have currently adapted six
physiological assays for multiple algal species characterizing intracellular pH, cellular actin structure,
metabolic activity, reactive oxygen species, DNA ploidy, and lipid accumulation. These assays have also been
applied toward population sorting to create more robust lines. We have characterized the methylation profile of
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the epigenome in two algal species: N. salina and Picochlorum soloecismus. The percentage of the genome
methylated under nitrogen replete (nonstress) conditions is less than 2%, significantly less than most species.
The epigenome responds to both epieffector molecules and nitrogen stress with significant reductions in
genome methylation. These changes result in increased lipid accumulation, suggesting that regulation of lipids
can be controlled by these mechanisms. We developed constitutively expressing Cas9 and Cas12 lines in N.
salina for targeted gene editing. Initial targets include regulatory genes involved in nitrate uptake and
signaling. New targets will be derived from the metabolic responses of these knockout systems. All three
capability advancements will be integrated to create a complementary approach for more powerful strain
improvement.

Productivity
Biomass
Lipids

Epigenetic Techniques

Photo courtesy of Los Alamos National Laboratory

OVERALL IMPRESSIONS

o The goals, technical, and management approaches of this project were clearly articulated. The team has
made great progress on all project objectives, and objectives are related to the BETO mission. The team
is encouraged to focus future efforts on the portions of the project with the greatest potential impact.
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This multifaceted project attempts to integrate different components into a single platform to establish a
better understanding of genetic pathways involved in nitrogen’s influence on algal growth—an ambitious
goal with lots of coordination.

This project is designing an integrated strain improvement platform using environmental, epigenetic, and
genetic factors for targeted advances with rapid, comprehensive phenotyping leading to increased
understanding of these modifications. The techniques being established and optimized for algal strains in
this project will add significant value to future strain characterization projects. Large-scale testing will be
needed to confirm the 50% increase in lipid formation.

The project team is employing innovative approaches to improving strain characteristics targeted toward
value drivers in algal production systems. The accomplishments to date and their connection to the
BETO MYP targets were clearly communicated by the presenter. Of note, the improvements on methods
to transform algae and modify methylation are demonstrating great potential value. There is an
opportunity to expedite outdoor testing of the modified strains to validate the laboratory results.

RECIPIENT RESPONSE TO REVIEWER COMMENTS

Our team greatly appreciates the reviewers’ critique of our technical approach and impacts. These inputs
will be incorporated into improving our experimental plan. The primary focus is on nitrogen stress
induction of lipid accumulation. Biomass productivity is defined by ash-free dry weight. Lipid
productivity correlating to boron-dipyrromethene (BODIPY) staining is validated by gas
chromatographic/mass spectrometry fatty acid methyl esters analysis. Increased strain productivity is
assessed against parent lines grown under conditions ranging from the laboratory scale to greenhouse 50-
L raceways. Potential collaborations are established for permitted outdoor genetically modified organism
(GMO) trials to correlate laboratory results to outdoor production, if time and funding allow.

The three-pronged approach integrating flow cytometry, epigenetics, and genetic engineering relies on
critical achievements in assay optimization and dye viability effects, methylation assays and methylome
sequencing analysis, and CRISPR-Cas editing stability and effectiveness.

The initial component development focuses on identifying and advancing strengths that can be leveraged
into the integrated system. The most effective and relevant results will be the focus for future
investigations. For example, multiple epigenetic regulators will be screened for evaluating efficacy and
phenotypic responses. The flow assay portfolio can be expanded as novel experimental developments are
analyzed. We are reducing stable transformation selection cycles from weeks to days through
coordinated flow cytometry sorting of fluorescent reporter genes linked to antibiotic selection.
Population sorting into multiple or single-cell transformants can facilitate rapid transgene
characterizations. This work demonstrates the value of integrating multiple tool kit developments into
one enhanced strain improvement method. Manipulation and evaluation of phenotype using three
different molecular approaches (phenotype, genotype, epigenome) increases the probability of generating
a highly productive strain and generating a (more) holistic understanding of both physiological and
epigenetic changes that occur from targeted genetic engineering strategies. This more comprehensive
analysis allows greater elucidation of both primary and secondary responses, enriching the knowledge
base to further advance the field.
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GENETIC BLUEPRINT OF MICROALGAE CARBON PRODUCTIVITY

Lawrence Berkeley National Laboratory

PROJECT DESCRIPTION

The potential of microalgae to emerge as major biofuel WBS: 1.3.1.110
producers is limited by the fact that maximal internal cID: NLOO32266
carbon accumulation (lipids and/or carbohydrates) in algae
occurs at the expense of cell growth. Further, different

Principal Investigator:  Dr. Igor Grigoriev

strains of algae have adapted and evolved in various el e 10/1/2016-9/30/2019
. .- . . Performance:
environmental conditions, and thus rotation of specific
Total DOE Funding: $1,050,000

“seasonal” strains is required to maximize stabilize
biomass production throughout the year. A better DOE Funding FY16: $0
understanding of algal biology—in particular, mechanisms  DOE Funding FY17: $350,000
(1) regulating carbon production and switches from rapid DOE Funding FY18: $350,000
growth to stress-induced carbon storage and (2) growth DOE Funding FY19: $350,000
responses at varied temperatures—is critical to overcoming
these limitations. Improving the productivity and
robustness of algal strains against perturbations will require extensive advanced genetic, genomic, and
molecular biology tools, which are currently lacking for most algal species. This project directly addresses
barriers to Aft-3: Genetic Modification and Development. Combining expertise in algal genomics,
transcriptomics, metabolomics, and gene editing to characterize novel algal strains with the highest potential as
third-generation biofuels will improve biomass production rates and decrease the lag time for genetic
modification by 50%.
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Photo courtesy of Lawrence Berkeley National Laboratory

OVERALL IMPRESSIONS

Significant value has been realized through the development of a functional genomics pipeline designed
to evaluate multiomic data relevant to algal production in real field stresses. Progress to date has
identified drivers of cold stress tolerance and potential targets for modification. This project
demonstrates the potential to use highly advanced genetic tools and machine learning in application
toward commercial targets. Given the accomplishments to date, I expect the team to be successful in
continuing to improve the efficiency and value of the omics toolbox.

This annual operating plan (AOP) project is in the final year of its merit review cycle. The project
appears to be managed well and is on track to meet the original project objectives. The project has clear
relevance to the MYP goals, the BETO portfolio, and the broader algal industry.

This project demonstrates the value of a functional genomics development pipeline to identify gene
targets with the potential to increase algal productivity to achieve MYP goals. Accelerating the
development pipeline during the next fiscal year will be incredibly beneficial.

A 50% decrease in the time required for this level of carbon pathway mapping is an ambitious task but
essential in propelling the overall field research forward. Several national laboratory teams, in addition to
private companies, are working on this research path, and it will beneficial to harmonize efforts so no
time is wasted or work is doubled.

The team is developing an algal functional genomics pipeline for the production and interpretation of
multiomic measurements from multistate perturbation experiments to identify gene targets for strain

improvement and commercialization at an accelerated (50% reduced) development time. They will be
using the newly developed pipeline to identify gene targets for strain improvement in Scenedesmus sp.

112 ADVANCED ALGAL SYSTEMS



2019 PROJECT PEER REVIEW

NREL 46B-D3 (NREL) within the first 2 years and then in Monoraphidium minutum 26B-AM (PNNL)
within 1 (the third) year, achieving the target identification at 50% time reduction. The approach is
reasonable and focused on two very relevant strains for the program. The team has sequenced and
annotated the genome for Scenedesmus sp. and has constructed a metabolic model and curated it. They
have also profiled the transcriptome and lipidome under cold and heat shock and done some gene
network analysis to map genetic responses. The progress is deemed reasonable and impactful. Genome-
based strain improvement is key to the MYP performance goal to increase seasonal areal productivity.
These genetic improvements rely on well-sequenced, annotated, and understood genomes. This project
helps advance the knowledge of individual key organisms associated with the BETO program. The team
will move to sequencing the genome and transcriptome of Monoraphidium minitum next. After FY 2019,
the team will optimize, enrich, and apply the Blueprint functional genomics pipeline to produce
genomes, multiomes, and customized modeling/analysis tools for additional BETO-approved strains.

No major weaknesses are noted.

RECIPIENT RESPONSE TO REVIEWER COMMENTS

Many thanks for your thoughtful review. Because algae have adapted and evolved in many
environments, we hypothesize that the genetic basis of these adaptive traits can be identified and
exploited to maximize biomass production throughout the year, particularly by improving productivity at
the crossover points when “summer” strains are rotated in favor of “winter” strains. By measuring the
systems-level responses with modern omics tools under heat and cold stress conditions, we were able to
identify many genes that were differentially transcribed and verify the impact of these transcriptional
responses by measuring the downstream impact within the lipidome and metabolome. In partnership
with algal molecular biologists, we plan to validate our findings by modifying the expression of several
differential expressed genes to preadapt the algal strains to a wider temperature range to improve
productivity. Additional outdoor cultivation tests will be needed to fully validate the impact of any
genetic modifications. Going forward, we plan to validate and refine our functional genomics pipeline on
a diverse set of algae to build a solid understanding of algal physiology for each evolutionary distinct
lineage and fold in additional omics measurements to improve the metabolic models and regulatory
networks that control growth and biomass composition of industrially relevant production strains.
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MULTISCALE CHARACTERIZATION OF IMPROVED ALGAE STRAINS

Los Alamos National Laboratory

PROJECT DESCRIPTION

Algae have the potential to be cost-effective and WBS: 1.3.1.120
sustainable organisms for the production of renewable cID: NLOO25841
fuels and chemicals; however, several challenges must be
overcome to realize the full potential of algal feedstocks.

Principal Investigator:  Dr. Taraka Dale

First, techno-economic analysis (TEA) of algal biofuels :pf(c))(rjrr?;nce- 10/1/2015-9/30/2021
continues to point to algal productivity as a major —

contributor to biofuel costs. Second, although freshwater Lo 1o, Y3 AT S #2000

strains such as Chlorella and Scenedesmus routinely DOE Funding FY16: $500,000

demonstrate high performance in laboratory screens, the DOE Funding FY17: $600,000

use of large-scale freshwater systems for algal biofuels and  DOE Funding FY18: $600,000

biopr.oduc.:t.s is not an acceptabl.e approach from both a DOE Funding FY19: $600,000
sustainability and a human agriculture competition Project Status: el

perspective. Third, the relationship between indoor
phenotypes of improved strains and outdoor phenotypes is still relatively poorly understood.

Our working hypothesis is that algal strains with improved outdoor productivities can be generated indoors by
using a suite of algal strain improvement strategies. Thus, our goal is to develop this suite of improvement
approaches using cell sorting, adaptation, and genetic modification techniques, and we focus specifically on
tools for generating algal strains with increased biomass and carbon storage as well as environmental
robustness (e.g., salinity tolerance). In this presentation, we share our progress on developing these tools and
testing these strains across a range of scales, from indoor flasks to outdoor ponds.
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OVERALL IMPRESSIONS

This is a broad and ambitious project with clear relevance to MYP goals. Team members are encouraged

to add clarity and specificity to the objectives and project management structure to ensure progress is
made toward project goals.

This project focuses on developing strain characterization and improvement techniques that are proven
to successfully identify strains that translate desired performance from lab bench to outdoors. The unique
indoor-outdoor-indoor approach will be incredibly valuable across the industry once it is optimized.
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The project has a great balance between lab-scale and outdoor testing, which is essential in the progress
of the entire biofuel field. The project seems to be on two distinct paths: the non-genetically modified
and genetically modified, with minimal synergy between the two. It could be beneficial to integrate both
paths, resulting in a comprehensive improvement of strains that could be leveraged for outdoor scale-up.

The multiscale characterization of the algal strains project clearly aims to connect the indoor assessment
of strain performance with outdoor demonstration data. The project team has identified a promising
strain with the potential to improve productivity and stress tolerance in the field. Improved methods to
select for valuable-strain characteristics are also under development. Connecting these tools to realize the
iterative feedback loop of lab to field and back to lab testing is critical to fully realizing the project value.

RECIPIENT RESPONSE TO REVIEWER COMMENTS

Our project management approach does have more detail than time would permit in the presentation.
That said, we take your point and will review our objectives and project management structure and look
for improvements to increase our chances of success.

Thanks for the positive feedback.

Our two strain improvement approaches are, in fact, currently distinct; however, we agree that in the
future it would be valuable to integrate them. Of course, if each new strain is a genetically modified
strain, that would entail getting regulatory approval every time we went outside, which would slow our
ability to move outdoors. We have been involved in the successful preparation and approval of a Toxic
Substance Control Act Environmental Release Application (TERA) for a different project, however, and
we are actively considering writing a TERA for at least our most characterized genetically modified
Picochlorum strain.

We agree that the feedback from outdoor work is important. We do have specific examples of using
outdoor data to inform our indoor work, but we opted to focus on other strain improvement successes in
this particular presentation. We look forward to further tightening this interaction between the field and
lab, and we will consider this comment as we move forward.
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ALGAE BIOTECHNOLOGY PARTNERSHIP

National Renewable Energy Laboratory

PROJECT DESCRIPTION

The development of advanced genetic and genomic tools WBS:

1.3.1.130

for targeted algal metabolic engineering pursuits will be cID:

NLO028812

integral to achieving target biomass productivity and,
ultimately, the BETO goal of cost-competitive biofuels

Principal Investigator:

Dr. Michael Guarnieri

derived from algal biomass by 2022. At present, however, el e . 10/1/2015-9/30/2021
broad host-range tool development is currently hindered by Performance: -

strain-specific negative regulatory mechanisms. Indeed, Total DOE Funding: Vil BE0 2

the biological processes controlling algal transcription and ~ DOE Funding FY16: $200,000

translation are subject to complex host regulation, which DOE Funding FY17: $500,000

often presents hurdles for targeted genetic engineering DOE Funding FY18: $430,236

strategies. Advanced genetic approaches, such as CRISPR  poE Fynding Fy19: $430,000

mediated genome editing offer a means to rewire these Project Status: el

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 orthogonal networks wherein nonnative
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. The project will initially develop orthogonal tools in Picochlorum sp. 39-A8, which is a
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top-candidate, halotolerant strain that was downselected and evaluated for outdoor production capacity. The
strain displays a rapid maximum growth rate (less than 3-hour doubling time, among the fastest reported to
date for eukaryotic algae) and high biomass accumulation capacity, superior to the current SOT. Our 3-year
project objective is to demonstrate multistrain applicability of orthogonal tools in concert with genome editing
capabilities.
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Photo courtesy of National Renewable Energy Laboratory

OVERALL IMPRESSIONS

o This is an ambitious project leveraging the core capabilities of participating organizations to develop a
genetic engineering toolbox with broad applicability to improve strain productivity. This project’s
toolbox has the potential to drastically reduce the amount of time and resources to apply these techniques
to different algal strains.

e The project is making a pivot from their previous work in strain development to focus on developing
tools for most of the project timeline. Although it is imperative for the entire industry to have a robust
genetic toolbox, by focusing only on developing genetic tools for the first 2 years and then deploying
these tools to five different strains in year three seems potentially risky. Working toward alleviating
issues regarding TERA permitting is essential for the entire biofuel program.
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The project team is transitioning focus from the identification of a highly productive halotolerant strain
to the development of a universal toolbox for strain improvement. A significant accomplishment of the
project was the completed screening of more than 300 strains under high temperature and salt, which led
to the identification of a highly productive strain relevant to targeted field conditions. The current project
goal to identify a broad host-range genetic tool kit is ambitious and potentially challenging to complete
as defined. A universal system for improving strains has high potential value, especially given the
increasing diversity in algal strains of commercial interest.

This is an ongoing AOP project at the beginning of a new review cycle. The team provided an overview
of previous work with a strong justification of the focus for future efforts. The project has clear relevance
to BETO priorities, MYP goals, and the algal industry. The project appears to be managed well, and a
clear technical approach is supported by quantitative objectives.

The aim of the project is to develop advanced algal genome editing tools, including synthetic and
orthogonal genetic regulatory systems with broad-host range applicability and functional genomic
pipelines in top-candidate deployment algal strains. The goal is to demonstrate integrated system
“universality” via targeted integration and orthogonally regulated gene expression of native and
heterologous fatty acid biosynthetic pathway genes in five candidate deployment organisms. The
approach is deemed to be reasonable. The accomplishments to date are deemed to be appropriate. The
work addresses the industry-wide need for genetic tools in nonmodel systems—including tools, strains,
and metadata—that will be publicly disseminated to enable rapid adoption by the algal industry for
targeted enhancement of deployment strains. If successful in developing universal genetic manipulation
tools, the project would have wide impact. The team will continue working on broad host-range genetic
manipulation tools and will demonstrate tunable gene expression and CRISPR-Cas9 editing. The final
step will be testing the “universality” of the tools on five representative organisms.

No major weaknesses are noted.

RECIPIENT RESPONSE TO REVIEWER COMMENTS

We thank the review panel for their encouraging and constructive critique as well as their recognition of
the potential impact of our pursuits. We agree with the reviewers’ assessment that although this work
presents an ambitious and potentially challenging path forward, is also presents a potentially
transformative route to address the industry-wide need to for broad host-range genetic tools in nonmodel,
deployment-relevant systems. We are optimistic that the genetic tools pursued on this project have the
potential to substantially increase the throughput of algal metabolic engineering pursuits targeting
enhanced microalgal productivity, and thus we believe this work has clear relevance to BETO priorities
and MYP goals. We also agree with the panel’s assessment that working to alleviate issues regarding
TERA permitting will be essential for the entire algal biofuel program; we are actively engaging on this
front to ensure the work conducted here is compliant with regulatory guidelines and also hope our
findings can help inform these guidelines moving forward. Related, we are actively deploying our top-
candidate strains at various domestic test beds in coordination with other projects in the BETO algal
portfolio (e.g., DISCOVR); and we will strive to deploy engineered variants of these, or other top-
candidate engineered strains, within the current period of performance to evaluate outdoor performance
and provide a proof of concept for the deployment potential of strains engineered with our team’s novel
genetic tools. We believe our progress to date to identify high-productivity, halotolerant algal strains,
and to develop associated genetic and genomic tool kits therein, represents a critical advancement for the
BETO algal portfolio and the larger algal research community. We look forward to continued efforts to
enhance productivity in top-candidate strains via the further development of robust genetic and
functional genomic tools amenable to phylogenetically diverse algal strains.
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CYANOBACTERIA PHOTOSYNTHETIC ENERGY PLATFORM

National Renewable Energy Laboratory

PROJECT DESCRIPTION

The objective of this project for the new FY 2019-FY WBS: 1.3.1.301
2021 merit review cycle is to develop a cyanobacteria cID: NLOO22533
platform with the goals of exploiting photosynthetic
energy conversion and carbon use for ultimate use in the

Principal Investigator:  Dr. Jianping Yu

fundamental biochemical targets to improve biomass :pf(c))(rjrr?;nce' 10/1/2015-9/30/2021
productivity. This project leverages years of research and —

an excellent publication track record at NREL in F=1) 012 UL IS S B0
photosynthesis and carbon and energy metabolism in the DOE Funding FY16: $400,000

model strain Synechocystis and will translate and project DOE Funding FY17: $400,000

this knowledge base to the cyanobacteria of industry DOE Funding FY18: $400,000

interest, such as species from the Synechocgccus aqd DOE Funding FY19: $400,000

Arthrospira genera. In FY 2019, the target is to verify the Project Status: O

successful modulation of gene expression of the identified
metabolic switch in Synechocystis, showing biomass productivity enhancement of at least 10% relative to the
wild-type grown under diurnal light conditions in benchtop photobioreactors (PBRs). By the 18-th month
midpoint, this project will have demonstrated a 20% increase in biomass productivity using engineered
Synechocystis strains and will deliver a strategy to transfer the technology to production-relevant species. The
end of the project will be a successful platform for rapid testing of photosynthesis and biomass improvement
hypotheses in cyanobacteria, including strains of industrial relevance, as well as the development of a route to
implement these strategies in selected eukaryotic systems.
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Photo courtesy of National Renewable Energy Laboratory

OVERALL IMPRESSIONS

The end of the project will be a successful platform for the rapid testing of photosynthesis and biomass
improvement hypotheses in cyanobacteria, including strains of industrial relevance, as well as the
development of a route to implement these strategies in selected eukaryotic systems. Overall, I think this
is an interesting project that is dealing with an important attribute in improving biomass productivity by
improving photosynthetic productivity.

This project is an AOP project at the beginning of its merit review cycle. The project appears to have
appropriate technical and management approaches and good alignment with the MYP goals. Team
members are encouraged to reach out to industry partners that have more direct experience with a focus
on future planned research.

This project leverages past research to further improve the photosynthetic efficiency of engineering algal
strains. If successful, it will increase biomass productivity and contribute to BETO goals.
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The Cyanobacteria Photosynthetic Energy Platform project is focused on modifying the expression of
photosynthetic pathways that have a high probability of impacting algal growth and productivity. The
clear objectives and underlying data on gene targets are a strength of this approach. The upcoming
completion of the proteomics and transcriptomics analysis will also be interesting to further the options
for targets of modification. Additionally, the project team has outlined the potential partners for strain
testing and potential commercial utility. Taking the next steps in evaluating these modifying strains in
outdoor trials and assessing biomass quality will be critical to realizing the utility of the concept.

The aim of the project is to develop genetic tools for cyanobacteria to improve photosynthetic efficiency
through carbon pathway engineering, leading to improved biomass productivity and ultimately to
reduced cost for fuels and chemicals. The target is to improve biomass productivity in cyanobacteria by
25%. The team will take a synthetic biology approach to manipulate the carbon sink in cyanobacteria by
expanding the sink via ethylene production promoted by the insertion of the efe gene and
overexpress/upregulate the photosynthetic apparatus. At the same time, the glycogen synthesis pathway
will be blocked. The hypothesis is that this will increase biomass productivity for the organism. To do
this, the team will develop new genetic manipulation and phenotyping tools. The project is very focused
and has previous experience manipulating the organism with the efe gene. The project is initiating but
has previous experience inserting the efe gene into cyanobacteria. Developing tools in model organisms
allow for rapid hypothesis testing and then provide options for application to production cyanobacteria
and eukaryotic species. The hope is to generate a small set of genetic manipulation tools applicable to
cyanobacteria, which will enhance the carbon sink in biomass production. This could possibly generate a
high-biomass-productivity organism. If successful, the project could advance BETO goals for high
productivity and resilient algal crops. The project has recently been initiated and will be working on
photosynthetic overdrive by PII overexpression and energy balancing by down-regulating the glycogen
or sucrose flux using a weak promoter to drive glgC and sucrose-phosphate synthase expression. This is
a simple strategy that can be demonstrated.

No major weaknesses are noted.

RECIPIENT RESPONSE TO REVIEWER COMMENTS

The recipient choose not to respond to the reviewers’ overall impressions of their project.
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ALGAE DISCOVR - PNNL
Pacific Northwest National Laboratory

PROJECT DESCRIPTION

New cultivars are needed for robust year-round algae WBS: 1.3.1.501
cultivation. In addition, benchmarking and tracking the cID: NLOO32208
state of algal cultivation is a responsibility of the BETO.
We are developing and applying an integrated platform

Principal Investigator:  Dr. Michael Huesemann

and workflow for standardized, deep characterization of :pf(c))(rjrr?;nce- 10/1/2016-9/30/2019
highly productive and resilient microalgal strains. Four :
national laboratories—PNNL, Los Alamos National Weiial DCE Fumsi: $6,780,000
Laboratory, NREL, and Sandia National Laboratories DOE Funding FY16: $0
(SNL)—are collaborating to combine unique capabilities DOE Funding FY17: $1,500,000
to significantly improve the TEA feasibility of algae- DOE Funding FY18: $2,390,000
derived biofuels and products, as demonstrated in the DOE Funding FY19: $2,890,000
context of SOT experimentation at the test bed of the Proiect Status: Ongor
ject Status: ngoing

Arizona Center for Algae Technology and Innovation
(AzCATI).

New strains are screened using five consecutive tiers in a conceptual downselection funnel to arrive at the most
promising strains. In Tier I, strains obtained from culture collections and industry partners are screened on
gradient incubators to determine their temperature and salinity tolerance range. In Tier II, the strains’ winter
and summer season biomass productivities are quantified in the Laboratory Environmental Algae Pond
Simulator (LEAPS) PBRs, biomass harvested from the LEAPS is analyzed for biochemical composition
(lipids, protein, carbohydrates) and conversion susceptibility, and the resistance of strains to common grazers
and pathogens is assessed in laboratory-scale stress tests. In Tier 111, downselected strains are concurrently
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improved by cell-sorting and adaptive evolution and evaluated in terms of culture stability in indoor test beds.
In Tier IV, the best winter and summer season strains are evaluated in outdoor raceway ponds to confirm high-
productivity biomass and culture stability and to provide biomass for detailed compositional and coproduct
analyses.

The top strains are then evaluated in Tier V in seasonal SOT outdoor pond culture campaigns at AzCATI, the
dedicated BETO SOT test bed. The core team supervises and coordinates the BETO algal SOT campaign at
AzCATI. Management activities include the detailed experimental design of field trials, implementation of
harmonized protocols and data management, and test bed oversight.

Major accomplishments so far include the successful execution of the DISCOVR strain downselection
pipeline, starting with more than 40 initial strains; the identification of strains with biomass productivity up to
34% more than the benchmarks; the development of quantitative strain downselection decision rules based on
maximum specific growth rate versus temperature data, LEAPS productivity, biomass composition, and grazer
resistance; and the performance of 11 outdoor pond culture campaigns. Most importantly, a 13.6% increase in
annual SOT biomass productivity (relative to 2017) was demonstrated at AzCATI, equivalent to a reduction in
the biomass selling price of 10%, from $909 per ton to $824 per ton.

DISCOVR research direction and priorities are guided by a technical advisory board that convenes on a
quarterly basis. A DISCOVR website has been designed and posted (https://discovr.labworks.org/), providing
an overview of research activities and unique technical capabilities. To further solicit high-impact ideas to help
reduce algal biofuel costs, we are requesting research proposals in a call for collaboration.

In summary, DISCOVR is a streamlined, coordinated, synergistic effort that leverages the member
laboratories’ complementary core capabilities in environmental simulation and productivity prediction,
robustness evaluation, biomass valorization, and strain improvement. DISCOVR addresses several key
research needs stated in BETO’s MYP with the goal of delivering high-productivity biofuel-relevant algal
strains through a standardized process for characterizing and comparing potential biofuels and bioproduct
strains.
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OVERALL IMPRESSIONS

The DISCOVR project team has established a highly integrated and collaborative process leveraging the
expertise and capabilities of each member. The productivity targets, associated goals, and process for
downselecting promising strain candidates is very clearly defined. The focus on field-relevant conditions
in the laboratory testing and strains of highest interest for biomass production is also a strength of the
approach. Significant learning has been achieved in the results shared to date. This project might benefit
from additional outdoor testing capabilities in relevant, diverse environments.

This project comprehensively aligns advanced technologies and analytic methods in a wholistic approach
to evaluate, identify, and optimize high-potential algal strains. The goal for this pipeline approach is to
contribute to the SOT annually because the summer productivity must improve 10% year over year to
achieve the MYP 2025 target.

This project is a large consortium focusing their efforts on a detailed and thorough strain characterization
system, LEAPS, and validating their data by deploying their optimized strains to several large-scale
sites. Future efforts need to focus on TEA/LCA modeling, but overall their efforts and results will
become the next baseline for future projects.

This was an incredibly ambitious project from its inception, and the team appears to be managed well,
making great progress, and meeting its milestones. The broad collaboration has strong project
management and is maintaining relevance to the algal industry and BETO’s mission.

The project aims to decrease the cost of biofuel production by screening and identifying high-
productivity microalgae strains for biofuels and bioproducts that are resilient in year-round cultivation.
To do this, the team has taken the approach of screening relevant strains from collections and submitted
by industry collaborators through a complex six-tier selection, characterization, and identification
pipeline, from which the best strains are downselected for outdoor trial cultivations and final TEA/LCA
to determine their influence on the SOT. The project is very complex and includes selection, screening,
productivity assessment, compositional analysis, stress testing, strain improvement, pond culture
stability, outdoor testing, and coproduct evaluation; thus, it is a very thorough screening and
identification process. The team management is well defined with participants from four national
laboratories and the AzCati test bed, each bringing core expertise and capabilities to the project. The
team has defined a set of key challenges and related success factors to ensure that strains are relevant and
feed into BETO’s other algal projects. The approach overall is seen to be very strong. The grazer testing,
for cultivation resilience, is seen as an excellent component of the overall assessment of the resilience of
strains. The project provides a direct interface to the development of BETO’s MYP productivity goals,
and it provides a method to show how new strains can be identified that will evolve and improve the
SOT targets for BETO. Most importantly, the team is collaborating with several industry partners to test
strains specific to their programs and has recently placed an open call for collaborations. The team is
poised to continue strain characterization, LEAPS testing, biomass characterization, strain
improvements, resilience testing, and further outdoor testing in test bed facilities. Thus, the project will
increase the number of strains that go through the full screening, improvement, and valorization pipeline.

The team is encouraged to consider adding tests to determine if the predefined screening protocols are
biasing and predisposing the high-performing selected strains.

RECIPIENT 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.

We want to add that we are continuously using TEA as an underlying driver to prioritize the different
research areas. The TEA integration is in collaboration with the algal TEA project (WBS: 1.3.5.200),
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specifically to the farm modeling, which calculates improvements in minimum biomass selling price
(MBSP). For example, TEA has identified productivity as a critical driver of biomass production costs,
and this area is the primary target pursued for strain comparison and improvement for the DISCOVR
consortium. Our productivity measurements are integral aspects of the annual SOT framework. For
example, in FY 2018, a 13% improvement in productivity yielded a 10% reduction in MBSP.

e [t is a fair concern that the current screening protocol might be biased, and we are actively considering
potential modifications to the initial wide-net screening approach to reduce the bias. Reducing the bias
and making the selection procedures more relevant to selecting strong outdoor performing candidate
strains will be a priority of our work moving forward. One bias that we recently realized is in favor of
oxygen-sensitive strains because of the continuous stripping of photosynthetic oxygen out of the medium
during the measurement of maximum specific growth rate, whereas in pond conditions, oxygen buildup
to supersaturating levels is a common and nearly daily occurrence. High oxygen levels are problematic
for photosynthetic biology, so mechanisms to tolerate high oxygen levels are critical to survival in
outdoor ponds. Therefore, in the next 3-year cycle, we will add a screen for oxygen tolerance.
Ultimately, all screening protocols need to deal with false positives and false negatives. The former adds
to the burden of larger scale confirmation, and the latter results in missed leads. The true test of our
screening protocol will come from outdoor trials as we continue to pursue our goal of annual quantified
improvements in productivity.
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ALGAL TRANSLATIONAL GENOMICS

Los Alamos National Laboratory

PROJECT DESCRIPTION

The primary goal of this project is to curate and expand the  \pgs: 1.3.1.600
genomic information housed in the algal Greenhouse cID: NLO029949
knowledge base to accurately characterize the metabolic
potential of leading production strains to enable

Principal Investigator:  Dr. Shawn Starkenburg

performance improvements. A significant barrier to :?fz(rjrr?;nce' 10/1/2015-9/30/2021
advancing applied algal systems is that genome-wide :
Total DOE Funding: $1,750,000

metabolic models and regulatory networks are lacking,
stemming from a dearth of knowledge of gene function for ~ DOE Funding FY16: $350,000
most production strains. Our research will focus on DOE Funding FY17: $350,000
sequencing complete genomes and curating gene DOE Funding FY18: $600,000
annotations through in silico and experimental approaches DOE Funding FY19: $450,000
to expand fundamental knowledge of production strain
physiology with a primary focus on inorganic and organic
carbon assimilation and metabolism. Building on previous genomics efforts, we will accomplish the following
major technical objectives: (1) maintain and expand the Greenhouse knowledge base; (2) develop and deploy
new assembly methods to construct complete genomes; (3) curate carbon metabolism pathways for leading
production strains, beginning with Scenedesmus; and (4) phenotype Scenedesmus inorganic and organic carbon
use to functionally validate genome annotations. Understanding the molecular mechanisms of carbon
assimilation and sequestration in eukaryotic microalgae as well as advancing our basic knowledge of
biophysical and biochemical components of carbon uptake will generate useful hypotheses to enable strain
improvement through downstream genetic and systems engineering. Further, exploiting the ability of

Project Status: Ongoing
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microalgae to grow mixotrophically on light and organic carbon has the potential to greatly improve
productivity when grown in nonpotable, organic-rich wastewater sources, and improve carbon input cost
sustainability through discovery and use of efficient carbon metabolism pathways.

Scenedesmus sp. Phenotyping
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OVERALL IMPRESSIONS

o This project has high potential to be a catalyst to the advancement of algal fuel production through
deepening the omics toolbox. The focus on Scenedesmus for both relevance and pragmatic reasons is a
strength of the approach. Given that the project has just begun, the team has created a strong foundation
for their future work through the literature review process. If successful, the development of more
efficient methods for complete genome assembly will be highly valuable. Focusing on carbon pathways
for modification aligns with production cost targets to enable the use of wastewater for algal growth. The
variability and complexity of the anticipated water sources in a production system should be considered
when completing the phenotyping analysis.
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This project continues building on previous research by leveraging genomics to characterize the
metabolic pathways of industrially relevant strains to farther enhance performance.

This is a well thought out and ambitious project. The use of wastewater might be beneficial for this strain
but not others, and that might limit the overall benefit of this project.

This AOP project is early in its merit review cycle, and initial accomplishments are on track. The team
provided clear justification for the work and strain of choice, and successful completion of this project
should have strong relevance to the BETO portfolio and the broader algal industry. The objectives and
approach appeared to be appropriate for the project goals around understanding carbon use and
metabolism.

RECIPIENT RESPONSE TO REVIEWER COMMENTS

Thank you for the thoughtful review and critique. Industrial-scale production of algal biomass using
wastewater that is rich with organic matter would provide a cost-effective means to maximize
productivity and improve biofuel yield. Unfortunately, the genetic basis for the use of reduced carbon
from these waste streams is larger unknown for any candidate production strain. We agree that the
variability and complexity of waste sources (carbon types, organisms, and additional dissolved materials)
must be considered when assessing productivity improvements; however, the curated carbon use
pathways will provide knowledge of which waste carbon streams are best suited for Scenedesmus, will
guide genetic modifications that are required to enable metabolism of additional carbon sources, and
determine which carbon sources are likely consumed by other cocultivated organisms in open systems.

We agree that the type and degree of organic carbon use is most likely strain specific. We chose to focus
on Scenedesmus because of its outdoor growth performance, abundance of genomic material, and known
ability to be cultivated in a variety of nonpotable wastewater sources. Further, curating and validating the
functional annotations of Scenedesmus will improve the genome annotations of other chlorophytes
because this new information will be available for homology assignments as new algal genomes are
sequenced. As resources allow, curating the genome annotations in other lineages (i.e., Nannochloropsis)
will maximize the value of this project for the user community.
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ALGAL BIOMASS COMPOSITION
National Renewable Energy Laboratory

PROJECT DESCRIPTION

Addressing critically needed improvements in biomass, WBS: 1.3.2.001
bioproduct, and biofuel productivity is a priority for algae cID: NLO025629
commercial development and is guided by supporting
economic and sustainability principles. Exploiting

Principal Investigator:  Dr. Lieve Laurens

pathways for the integration of engineering approaches :pf(c))(rjrr?;nce- 10/1/2016-9/30/2019
with fundamental biochemistry of photosynthetic —

organisms might help to unravel the contentious nexus of Lo 1o, Y3 AT S VB 00000

growth rates, biomass productivity and composition, and DOE Funding FY16: $850,000

nutrient load. This project focuses on identifying critical DOE Funding FY17: $750,000

factors for economic development and deployment of algal ~ DOE Funding FY18: $750,000

biofuels, biomass productivity and conversion efficiency, DOE Funding FY19: $750,000

and compositional characteristics and then providing a Project Status: O

robust set of tools to allow for an unambiguous biomass
quality and compositional description. This project is highly relevant to the DOE multiyear program targets of
reducing costs and integrating dynamic biomass composition with downstream process characteristics by
providing options for the development of fuel-relevant products derived from either the lipid, carbohydrate, or
protein fraction of algal biomass. This project directly addresses two BETO barriers: (1) lack of understanding
of the value of the feedstock (in context of seasonality and environmental variability) and (2) lack of
information on the physical, chemical, and biological quality of the biomass in the context of the impact on
biorefinery operations and performance. To address these barriers, this project (1) builds on the standardization
effort for compositional characterization of algal biomass by supporting and validating the implementation of
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methods and (2) gathers an understanding of the dynamic biochemical composition and carbon allocation in
terms of biomass value and conversion yields and selectivity. The goal for this project’s merit review cycle is
to build and show a coproduct portfolio that, when integrated in a conversion pathway, can increase the
intrinsic value of algal biomass by at least 30% of biomass cost value for a set of model species. This goal will
be achieved by increasing the value of biomass and supporting a dynamic biochemical compositional profile in
a set of model algae to ultimately quantify the value of the biomass for conversion or upgrading pathways. To
establish this conversion interface, a highly granular compositional profile should be established during a
dynamic growth profile to link with lipid upgrading, nutrient and water recycling, and with integrated fuel and
bioproduct conversion. As an outcome of the experimental valorization subtask, we will continue to drive
toward an inherent value of the components in the biomass composition, providing a better link with biomass
production costs and eliminating the potential conflict between maximizing biofuel yields and maximizing
potential revenue, which provides a better sense of the path to commercialization. To date, this project has
developed and is maintaining an online repository of robust standard analytic procedures. We added a sterol
quantification procedure to support the development of sterol-derived coproducts as well as help to close the
overall descriptive mass balance of algal biomass. We built an amino acid analytic pipeline to aid with the
more rigorous assessment of protein and protein-derived high-value products. Through the development of an
experimental data collection framework for the quantitative assessment of biomass composition, bioproducts,
energy, and productivity in different indoor PBR cultivation conditions, we compared continuous and batch
cultivation on overall measured growth rates and project algal farm productivity. We used this framework to
select species, growth scenario, and bioproducts based on the overall value of the biomass. This allowed for
tracking quantitative increases in intrinsic value, with the aim of adapting cultivation conditions to outdoor
pond operations toward increased overall intrinsic biomass value.

Photo courtesy of National Renewable Energy Laboratory

OVERALL IMPRESSIONS

o The group’s best efforts are tied to developing innovative analytic techniques. The other aspects of this
project are too big in scope and are loosely associated with each other.
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This project continues to have a clear benefit to the algal industry as a whole and is an important link to
BETO priorities. Dr. Laurens continues to be a leader in biomass compositional analysis, and the team
regularly interacts with industry and the modeling community to make sure critical compositional
assumptions are clear. The project appears to be managed well, is meeting its milestones, and is
maintaining its relevance to public and private algal research. The project is also commended for
prioritizing information dissemination and community engagement.

This project has the potential to, and likely will, dramatically reduce the cost of biofuels via
understanding how to maximize the value of the coproducts. The current scope includes creating analytic
techniques that accurately account for the entire biomass composition, cultivation variables impact on
composition, as well as the downstream processing required to fully capture the value of the coproducts
created.

The development of methods to assess algal biomass composition in support of a developing bioproduct
portfolio is critical to drive improvement in the economics of the production of fuel from algae. This
project nicely combines novel methods to work toward closing the mass balance and enabling tools for
novel compound discovery. In addition, the team has worked to define best methods for assessing algal
product quality and made the physical materials available to the broader community. Continued work on
biomass composition analysis under varied cultivation conditions will be critical to determining quality
variance in real-world conditions.

The projects goals are to reduce the cost of biofuels by increasing the algal biomass value and to reduce
the uncertainty around process inputs and outputs. The first goal will be approached through a
quantitative development of biomass composition, energy, and productivity for model algal species. The
second goal will take an approach of standardized characterization and development of standards for the
quantitation of properties. Therefore, the project helps address key barriers in sustainable production of
algae, biomass characterization, and material properties. The project’s main strength is in the
development of robust standardized analytic procedures. This is seen through the large download of
methods and the standardization of methods across the ATP3 partners. Further, the identification of key
valuable products that can influence the overall valorization of the biorefinery process can provide
incentives toward processes that help reach BETO’s strategic goals in this area. The future work planned
activities are deemed appropriate.

A possible weakness is noted in the approach to use the tools generated to valorize biomass components
because many factors affect the market value of raw components.

RECIPIENT 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 on the relevance of the
compositional shift experiments. It is our primary goal to establish tools and techniques required to test
whether there are cultivation conditions, light, temperature, or semicontinuous harvesting that impact
composition without inhibiting overall biomass productivity. If we can unlock this potential in indoor
PBR, we can implement this approach in relevant outdoor cultivation trials. Details on the cultivation
strategies implemented to obtain shifts in biomass composition needed to be minimized, and we want to
clarify that the growth experiments experienced high-incident light, which is likely one of the primary
drivers of productivity. We have shown that maintaining high cell density cultures, by frequent
harvesting, yielded higher storage products (carbohydrates and lipids), which translates to increased
intrinsic value when following the novel TEA modeling approach. By comparing the rates of
accumulation of storage products and shifting biomass composition in a consistent manner under
respective strain optimized media and nutrient conditions, we aim to elucidate the differences in inherent
capacity of the strains to adapt their underlying composition.
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e In summary, we have developed an experimental setup that allows us to test hypotheses in PBRs, and we
are making progress on using these experiments to provide biomass for biochemical mapping of
metabolites and thus validating different valorization models. Since the peer review presentation, we
have finalized our work with the TEA team on integrating compositional dynamics into a valorization
framework. By setting up this conceptual process, we are now able to directly assess and leverage the
impact of additional products identified in this project.
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ATTACHED PERIPHYTIC ALGAE PRODUCTION AND ANALYSIS

Sandia National Laboratories

PROJECT DESCRIPTION

This project aims to test, evaluate, and show the WBS: 1.3.2.130
proposition that attached periphytic algal polyculture cID: NLOO27375
systems are capable of achieving high annual average
biomass productivities that at least equal production from

Principal Investigator:  Dr. Ryan Davis

raceway ponds and can exceed to 24 g/m*/day (ash-free FEfEEer 10/1/2015-9/30/2021
dry weight), thereby providing a path to 5,000 gal acre- Performance: -

year algae-derived fuel. The approach uses compromised Lo 1o, Y3 AT S HE200/000

surface waters with nutrient contamination (N, P, trace DOE Funding FY16: $950,000

metals) concentrations that are much lower than those DOE Funding FY17: $750,000

required for recirculating raceway pond production of DOE Funding FY18: $750,000

planktonic algae. The same surface waters will also DOE Funding FY19: $750,000

generally have adequate levels of carbon dioxide (CO») Project Status: el

and/or carbonate to avoid the need for supplying
supplementary CO,, which is also otherwise required for recirculating raceway pond production of planktonic
microalgae. By periodically pulsing the inflow, the shallow turbulent medium provides several mechanisms
that contribute to the capability of an attached periphytic culture to achieve relatively high productivities
despite lower nutrient concentrations. These include a high exposed surface-to-volume ratio of cultivation,
turbulence-induced rapid light dark cycles that improve photon use efficiency of the cellular photosynthetic
apparatus, and improved nutrient and gaseous exchange and breakup of boundary layer gradient limitations
that otherwise exist among the algal cellular matrix, water, and atmosphere. These mechanisms are partially
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shared with observations of high algal productivity seen using thin-layer cascading cultivation systems, which
have system configuration and operational similarities.

To optimize yield and minimize ash based on new substrate materials and culture seeding processes, we apply
SNL’s computational fluid dynamics expertise and algorithms with experimental validation to predict the
residence time of seed culture cells in the floway and substrate matrix in the absence and presence of an
established turf. A key component of this R&D effort will be to evaluate whether culture seeding and substrate
optimization can provide synergistic yield enhancement, minimize biomass productivity losses through
maturation latency and sloughing, and reduce ash in the presence of a native (i.e., unseeded) periphytic turf
because the native periphytic cohort is expected to confer the culture stability observed to date. As part of this
work, we are evaluating the impacts of sloughing and evaporation losses based on changes to the substrate
material and as a function of biomass yield because scale-up of this technology will likely face significant
hurdles in arid regions, such as the U.S. Desert Southwest, if increased evaporation losses are incurred by the
system compared to already existing surface waters. The current year goal is to demonstrate the ability for
attached algal cultivation to simultaneous achieve 24 g/m?/day and 25% ash using compromised surface
waters. The 3-year goal of the project is to demonstrate attached algal cultivation coupled to water treatment
with a net biomass cost of $450 ton ash-free dry weight.

OVERALL IMPRESSIONS

o This AOP project includes a novel approach to low-input and low-cost production of algal biomass. The
project appeared to be managed well and had clear relevance to the BETO mission and MYP goals. The
new merit review cycle is building on directly relevant previous work. The team is encouraged to
incorporate TEA results from a fully integrated process into the project’s experimental design.

o This project strives to increase algal biomass productivity in environments with excess nutrients (from
agriculture runoff) with as little additional infrastructure and equipment as possible. The project has
made significant progress in baseline understanding and implementing work to overcome learnings and
challenges.

o The attached periphytic algal project has been a successful collaboration between research and public
offices to solve a very specific water contamination challenge. The team has developed a valuable data
set in a relatively large production setting that can drive TEA assumptions and future work in this area.
The challenges around biomass quality are significant and will require considerable effort to overcome
for this system to be useful in the production of feedstock for fuel.

e The aim of this project is to develop cost-effective means for cultivating easily harvestable algal biomass
using nutrients from compromised surface waters and attached algae cultivation methods. This project is
currently working to couple remediation of agricultural/storm runoff with algal biomass production >24
g/m?/day and ash content <25%. Scale-up of a domestic algal biomass industry requires identification of
value propositions, including remediation of runoff, to achieve production costs that are commensurate
with high-volume commodities and energy. The high ash content of biomass from turf systems is a
challenge that the project will be addressing. The team is using three facilities for turf algal growth but
mainly focusing on the Salton Sea floway. Biomass from this system has been thoroughly characterized
for chemical composition and microbial ecology. The team is working on ash reduction and reduced
nonbiogenic ash by 77% using a mesh to filter waters and will be working on seeding the turf algal
system with non-diatomaceous strains of algae. The approach is reasonable and should work as long as
the system is not naturally reseeded by diatoms. Although turf algal systems have challenges, as noted by
the project team, the opportunity for high growth, biomass productivity, and water remediation are
excellent. If the biomass productivities are achieved with reduced ash content, the project can help
achieve productivity targets for the BETO program. The team will deploy flow-rate feedback, seed
cultures with non-diatomaceous periphyton, evaluate species and biomass production, and quantitate
evaporation. The approach is reasonable.
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e The only concern noted is related to the possibility of natural reseeding by diatoms.

RECIPIENT RESPONSE TO REVIEWER COMMENTS

The recipient choose not to respond to the reviewers’ overall impressions of their project.
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CONTINUOUS BIOLOGICAL PROTECTION AND CONTROL OF ALGAL
POND PRODUCTIVITY

Lawrence Livermore National Laboratory

PROJECT DESCRIPTION

We present on two projects, one funded under the Targeted  \gs: 1.3.2.300
Algal Biofuels and Bioproducts (TABB) competitive FOA,
concluding this year, and another follow-up project,
funded as an AOP, beginning this year. The projects are
aimed at improving algal cultivation through the
application of microbes to protect algal crops from losses
caused by predators and pathogens. Ultimately, both
projects aim to increase annual algal biomass yields. Our Project Status: ~ Sunsetting

projects address barriers from the TABB FOA of the high costs of producing biomass and low yields of target
feedstocks and of translating laboratory success to outdoor cultivation environments. In addition, we focus on
the MYP barriers Aft-B: Sustainable Algae Production and Aft-A: Biomass Availability and Cost. The TABB
project team was led by LLNL and included SNL (Livermore), the University of California at Davis, and the
microalgal development company Heliae, LLC (Arizona). Our goals were to identify probiotic bacteria that
protect algae against predators and pathogens and rapidly test these bacterial applications at increasing scales.
During our 3-year project, we identified both a bacterial isolate and consortium that protect against rotifer
predation at the laboratory and mesocosm scales. This project highlights the importance of (1) leveraging the
algal microbiome to increase algal resistance to predators and pathogens and (2) rapid translation from
laboratory to outdoor testing. We performed a feasible industrial-scale (10,000 L) probiotic addition and
incorporated laboratory and outdoor experimental data into a relevant TEA model to assess sensitivities and
future opportunities. Our new project will apply what we have learned, addressing the sensitivities of the TEA

CID: NLO029886
Principal Investigator:  Dr. Michael Thelen

Period of
Performance:

Total DOE Funding: $1,080,000

9/1/2015-9/15/2018
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model to make our probiotic application more economic. This new project forms a new collaboration with
Lawrence Berkeley National Laboratory and aims to determine the mechanisms of bacterial protection and to
induce the protective effect, increasing the efficiency and duration of the application.
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OVERALL IMPRESSIONS

The next phase of this project continues to develop strategies for creating a “probiotic” that can be added
to open pond algal raceways to improve the productivity and robustness of commercial farms.

This project review is a combination assessment of the completed work and the new plan that is a
continuation of this project. There were many key accomplishments exploring the use of probiotic
bacteria in the cultivation of Myrmica salina as a protective approach to rotifer predation, including the
development of a TEA around this strategy. The team is now building on this work to understand the
potential mode of action and develop the process to scale. For the upcoming work, the project team will
benefit from clarity on objectives in the outdoor trials to ensure project success.

To reach the overall project goals of BETO, minimizing pond crashes is essential. This project has the
potential to establish new and innovative solutions for pond pest management, but they seem to be
focused only on mitigating saltwater rotifer. Rotifers are only one of many pests that hinder algal
productivity. The project would make the most impact if the team focused on expanding their work of
yearly sampling and characterizing the microbiome community to more sites while simultaneously using
their techniques to find a solution for the different pests that arise during the different seasons.
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This project is focused on identifying, understanding, and scaling probiotic microorganisms for large-
scale outdoor production, which has clear relevance to the BETO mission and MYP goals. The project
included an appropriate proportion of laboratory, mesocosm, and field-testing, with experimental design
appropriate for each scale. The group has completed most objectives and will be building on these
accomplishments in a future AOP merit review cycle. The team is encouraged to incorporate outdoor
testing early in the project to ensure bench-level successes will have relevance in an industrial
environment in the presence of more challenging ecological pressures.

The aim of the project is to improve the resilience of algal crops to predators and pathogens by using
probiotic bacteria that will increase annual algal biomass yields above the 2015 SOT baseline. The team
plans to improve the protective effect of probiotic bacteria by demonstrating probiotic application
regimes that significantly increase the magnitude and duration of the probiotic protective effect by 25%
each, above the current baseline, and significantly decrease in sifu algal carbon loss compared to
untreated, ultimately contributing to improved algal cultivation yields. The approach involves studying
single cultivation relationships between algae and bacteria and identifying microbial communities that
enhance algal cultures and scaling these up in a stepwise fashion. In the new AOP, the team will take an
approach to identify protective genes because they hypothesize that violacein is the compound produced
by bacteria that infers protection. The approach is deemed reasonable. Progress in the previous AOP is
deemed reasonable. Success in developing probiotic mesocosmsmecocosms for algal cultures could
potentially enhance robustness of cultures and overall productivity, helping to meet productivity goals
for the BETO program.

The team should provide a vision on the use of the identification of the gene(s) responsible for violacein
production.

RECIPIENT RESPONSE TO REVIEWER COMMENTS

The recipient choose not to respond to the reviewers’ overall impressions of their project.
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INTEGRATED PEST MANAGEMENT FOR EARLY DETECTION ALGAL
CROP PRODUCTION

University of California, San Diego

PROJECT DESCRIPTION

Contamination of industrial-scale growth systems by WBS: 1.3.2.310
pathogens, predators, and nonproductive contaminating CID: EE0007094
species continues to be a major obstacle to the robust and

. . . . Principal Investigator:  Dr. Robert Pomero
economically sustainable production of algal biomass and IS Y

bioproducts. Appropriate management of these pests Eg:ifg?n?;nce- 10/1/2015-3/31/2019
requires a sensitive and continuous monitoring system that :
Total DOE Funding: $820,327

can detect and identify contaminants and competitors as
early as possible. Compared to current detection Project Status: Sunsetting
methodologies, such as quantitative polymerase chain reaction (PCR) or FlowCam monitoring systems, a mass
spectrometry-based detection system is orders of magnitude more sensitive and can be readily automated for
continuous monitoring of multiple production ponds.

We developed a chemical ionization mass spectrometry-based detection system capable of real-time
monitoring of volatile compound abundances in the air over an algal culture. Using this system, we examined
the headspace over healthy algal cultures throughout multiple growth phases, under abiotic stresses, and
through culture crashes resulting from infecting the cultures with predators. The resulting data allowed us to
confirm previously characterized molecular signatures derived from breakdown pathways occurring in the
culture liquid. These experiments allowed us to expand our catalog of molecules that indicate the health of the
algae or contamination as well as to determine thresholds for detection of contaminants and the kinetics of
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culture crashes post-infection. Altogether, this research is rapidly advancing the development of a field-
deployable instrument for monitoring the contamination in algal cultures.
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OVERALL IMPRESSIONS

e Tools for integrated pest management are critical for large-scale stable outdoor production, and the
relevance to the BETO mission, MYP goals, and the algae industry was clear. The team discussed a suite
of promising results that aligned with originally planned objectives. The team is encouraged to think
about how lower cost detectors might be able to build on these accomplishments and increase the
potential for field deployment.

o This project demonstrates innovative use of already established instrumentation for early detection of
contamination. This process, although interesting, is not viable at the production scale but could be used
by other research groups that are working on contamination issues of outdoor systems.

o Significant expertise and progress were demonstrated evaluating samples and developing reliable
analytic methodologies to predict pond crashes. Future work is required to further fine-tune a portable
prototype.

e Crop protection at the commercial production scale will continue to be one of the most important areas
for R&D to achieve reliable, high-quality algal biomass production. This project focused on very early
identification of pest presence, which has very high potential, allowing algae farmers to act before the
crop is lost. The team produced exciting results demonstrating the ability to detect pest pressure well
before the health of the culture declines. The challenge in this system is the likelihood of success in
scaling. There is a great opportunity to continue to use this method in laboratory work supporting the
development of cultivation practices that mitigate biotic pressure in the algal field.

o The objective of this effort was to develop simple, automated, affordable, and robust technologies for the
early detection and identification of pathogens, predators, and nonproductive competitors in algal
cultures. The team used two major technologies in their approach: mass spectrometry and quantitative
PCR with high-resolution melt analysis. This is a small project that is ending. To meet the goal of the
project, the team developed mass spectrometric methods to evaluate possible signature compounds
indicative of an imminent crash caused by a pathogen. They developed approaches to monitor cultures
with molecular tools. The approach is deemed innovative and well implemented.

e Several weaknesses were noted associated with the implementation of the technology in the field.
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RECIPIENT RESPONSE TO REVIEWER COMMENTS

e We thank the reviewers for their comments. In our detailed responses to scaling, costs, and alternative

devices, we provide a detailed argument for continuing to develop this technology toward field
deployment.

e We thank the reviewer for their acknowledgement of our project’s successes.
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ALGAE PRODUCTION CO2 ABSORBER WITH IMMOBILIZED
CARBONIC ANHYDRASE

Global Algae Innovations, Inc.

PROJECT DESCRIPTION

GALl is a leader in low-cost algae production technologies. WBS: 1.3.2.320
A suite of advances in open pond algal growth is being cID: EE0007092
developed and demonstrated to achieve commercially

. . . . . Principal Investigator:  Dr. David Hazlebeck
viable production of oil and high-protein meal. An Bl I vie raz

essential part of GAI’s algae production method is the ol o 10/1/2015-12/31/2019
. . . Performance:
efficient and economic transfer buffering storage
Total DOE Funding: $998,962

distribution of CO; from power plant flue gas to the
actively growing algae, ensuring an ample supply of CO; Project Status: Sunsetting
for photosynthesis at all times.

GALI is partnering with TSD to apply immobilized carbonic anhydrase and alternative absorber designs to
improve the capture efficiency and reduce the cost of CO2 management in algae production. Additionally, the
outdoor, open raceway cultivation methods will be developed to improve CO; use efficiency. The capture and
use improvements will be demonstrated in an integrated outdoor raceway testing with flue gas.

Weighted Project Score: 8.8

Weighting for Sunsetting Projects: Approach-25%; Accomplishments and Progress-50%; Relevance-25%
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OVERALL IMPRESSIONS

This project focused on improved CO, capture and delivery using an industrial flue gas source and
demonstrated performance in outdoor ponds. The relevance to the BETO mission, MYP goals, and the
algal industry were clearly described. Project objectives were completed and TEAs were discussed and
used to prioritize efforts. The project was well managed, and it appears that the technology could have
wide applicability for a variety of flue gas sources.

This is an innovative and detailed system for sites that will colocate with a power plant and have access
to their flue gas.

This project showed success in decreasing the cost of CO» captured; most advantages are attributed to
alternative design, not the absorber material.

The project team delivered on goals on time or early across all facets of the project objectives. An
integrated system has been developed to significantly improve carbon use efficiency in a large-scale
algal production facility. The improvement of CO» delivery and use is critical to achieving economic
feasibility in algal production and directly addresses MYP goals. The cultivation system and design are
directly linked to the methods employed in this process and will need to be considered holistically.

The goal of the project was to use carbonic anhydrase and/or other absorbers to increase CO> capture use
efficiency from flue gases. The team, including all industrial partners, operated the GAI facility in
Hawaii near a power plant that provided flue gas, some of which can be used for algal cultivation. The
approach taken was to capture CO; from the flue gas using an absorber, converting the CO» to a
NaHCO3 media that could be fed directly to a pond. The team faced major challenges in the complexity
of the system and the efficiency and lifetime of carbonic anhydrase. The approach the team took was
successful in implementing this CO, concentrating technology. The project defined the baseline and used
it to determine success. The project set target goals, which have been met, showing high carbon capture
and use efficiencies. The result is that the system indicates an ability to reduce the CO, supply cost
significantly. The team showed 83% capture efficiency with more than 95% use efficiency for the algae.
The team moved to a modified packed column for CO; capture that showed better capture efficiency and
stability than carbonic anhydrase. The team plans to move into direct carbon capture from air. The
organization of the project is deemed to be part of the success because the team was able to move the
technology forward by redesigning the CO; absorber and increasing the overall performance.

RECIPIENT RESPONSE TO REVIEWER COMMENTS

The recipient choose not to respond to the reviewers’ overall impressions of their project.
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ATMOSPHERIC CO2 CAPTURE AND MEMBRANE DELIVERY

Arizona State University

PROJECT DESCRIPTION

A major bottleneck for growing microalgae as a WBS: 1.3.2.330
sustainable alternative to fossil carbon in economically cID: EE0007093
producing fuels and chemical products is the cost of
delivering CO; in enough concentrations for it not to limit

Principal Investigator:  Dr. Bruce Rittmann

growth. This project sought to develop and integrate two Izg;ifg?rr?;nce' 10/1/2015-9/30/2018
innovative technologies for capturing and concentrating :
Total DOE Funding: $1,000,000

CO; from air and delivering it to microalgae with high
efficiency into an Atmospheric CO, Enrichment and Project Status: Sunsetting

Delivery (ACED) system. The CO, capture technology is based on moisture swing sorption, where specialized
resin materials selectively capture CO, when dry and release it when wet into a confined space where the
concentration can be increased up to 500-fold. The CO»-delivery technology is based on membrane
carbonation, which uses hollow fiber membranes that allow CO; to diffuse into the algae-containing liquid
without forming bubbles, achieving nearly 100% delivery efficiency.

Weighted Project Score: 7.0

Weighting for Sunsetting Projects: Approach-25%; Accomplishments and Progress-50%; Relevance-25%
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OVERALL IMPRESSIONS

e The purpose of this project was to understand and develop innovative ways to capture and deliver
atmospheric CO; to pond culture. If successful, the study would have clear benefits to the algal industry
and would align with BETO priorities and MYP goals. Unfortunately, the CO, capture portion of the
study encountered hardware, software, and integration hurdles that were not able to be mitigated,
combined with economics that did not appear to advance the SOT. Membranes used for CO, delivery
appeared more promising, and the team indicated that the membranes met several performance targets
during the study period.

o This is a novel approach but not a robust deployment of technology. It is very capital intensive, and it
seems that the maintenance cost is very high as well.
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This project uses novel membrane technology previously developed for wastewater treatment and adapts
it to capture and concentrate CO, from ambient air. The team successfully demonstrated the concept at
commercially relevant scales, but further fine-tuning required for seamless integrated operations.

The ACED projects aims to combine two independent systems to significantly reduce the cost of CO»
delivery for algal biomass production. The atmospheric capture component of the project experienced
significant challenges and will require additional effort to be evaluated. The membrane delivery system
has shown promise in significantly improving the carbon use efficiency compared to the currently used
system of CO; sparging. Because this project has closed, the evaluation of the membrane delivery at
scale through modeling and large-scale evaluation should be considered for future work.

The goal of this project was to design, build, and demonstrate a system to capture and concentrate CO,
from ambient air and deliver the CO; to microalgae. The ACED concept uses anionic exchange resin
sheets to capture CO, when dry and release when wet. The CO; is transferred to sodium
carbonate/bicarbonate brines to buffer capture and demand rates; and it is thermally extracted and
pressurized. This allows for nearly 100% CO; to be delivered on demand to microalgae using membrane
fibers. The technology is very innovative. The team was able to develop mitigating approaches for most
of the challenges faced in the development and deployment of the technology.

A few minor weaknesses were noted related to the complexity of the technology and need for some
simplifications.

RECIPIENT RESPONSE TO REVIEWER COMMENTS

We thank the reviewers for the feedback.

Although hardware and software issues limited the operation time of the CO, capture and storage system
during the project, our project advanced the SOT for sustainably sourcing concentrated CO, for
cultivating microalgae. Current sources include bottled and industrial waste CO» that are not sustainable
for large-volume fuel applications. We developed and demonstrated a first-of-its-kind system for direct
CO; capture from ambient air (410 ppm), a novel energy-efficient gas-liquid contactor for transferring
low-concentration CO; into a liquid brine for storage, and a thermal extraction system for releasing the
CO; on demand from storage with > 90% CO, on a laboratory scale and > 70% CO- in a much larger
outdoor system. The system was operated for several extended periods within a harsh desert environment
with +40°C temperatures, sustained +10 ultraviolet index, periodic intense +40-mph wind, dust, and
rainstorms. The accompanying graphic shows the field implantation of the entire system.

Detailed TEA, made possible through this award, identified the most critical parameters for optimizing
the system, including a path to drastically improve the economics of CO, capture and storage using
continuous active CO; transport (not batch cycles) through membranes with much lower capital and
maintenance costs; this is being pursued through a follow-on award, DE-FOA-0001858 (Advanced
Research Projects Agency-Energy). This much simpler design should alleviate some of the hardware and
software challenges encountered in the BETO project.

The TEA also highlighted the value of delivering captured CO» with near 100% efficiency, which was
shown effectively using the membrane delivery technology during multiple month-long cultivation trials

without performance degradation. This promising technology will be further evaluated for delivering
industrial waste CO; as a part of award DE-FOA-0001908.
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SOFAST: STREAMLINED OPTIMIZATION OF FILAMENTOUS
ARTHROSPIRA/SPIRULINA TRAITS

Lumen Bioscience, Inc.

PROJECT DESCRIPTION

To enable the development of algae-based biofuels and WBS: 1.3.2.601

bioproducts, this project is making fundamental cID: EE0008120
improvements in the major areas of strain development,
specifically tailored to an already highly productive and

Principal Investigator: ~ Dr. Damian Carrieri

commercially deployed species Arthrospira (also Feieiel 10/1/2017-9/30/2020
. . . Performance:
commonly known as Spirulina), and aimed at achieving a
Total DOE Funding: $1,851,376

doubling of the SOT of algal biomass productivity.
Arthrospira species are attractive for commercial biofuel Project Status: Ongoing

production because of their ability to grow in highly alkaline seawater as well as their relative ease of harvest;
however, Arthrospira also suffer from notable deficiencies: the cells are sensitive to photodamage in bright
sunlight, impeding growth, and they contain substantially less high-energy lipid 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 will continue these screens and
characterizations and construct new strains using winning constructs. These newly made strains will be tested
under indoor and outdoor growth conditions to demonstrate improved biomass productivity and lipid
accumulation relative to their wild-type parent strains.

Weighted Project Score: 6.8

Weighting for Ongoing Projects: Approach-25%; Accomplishments and Progress-25%; Relevance-25%; Future Work-25%
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OVERALL IMPRESSIONS

This project leverages previously developed high-throughput strain characterization and selection
techniques to improve biomass productivity of Spirulina. The team demonstrated progress on most
milestones. Unfortunately, however, the project pivoted away from outdoor raceway trials to indoor
simulated trials.

This project appears to have strong technical and management approaches that are appropriate for the
project objectives. The team was forthcoming about project challenges, executed mitigation plans, and
had clear plans to get the project back on schedule. It is unclear if the current plans for outdoor testing
would contribute to advancements in MYP goals.

This is a novel approach to increase biomass and biofuel productivity on a strain that is not commonly
used for lipid production; however, there was no true explanation as to how the team is going to validate
at scale their improvements.

The Streamlined Optimization of Filamentous Arthrospira/Spirulina Traits (SOFAST) project addresses
both the development of tools for strain improvement and characterization as well as the use of those
tools to improve an industrially relevant strain. Focusing on Spirulina as a target is logical and relevant
given the long history of outdoor cultivation at scale. Key steps have been made toward the project goals
around tool development. The use of competition experiments to identify top-performing strains under
selective pressure is clever and likely to result in a highly efficient methodology. It is unfortunate that the
validation of the strain performance will not be conducted in outdoor trials.

The goal of this project is to produce engineered Arthrospira platensis strains with improved
photosynthetic and cold-tolerance traits and increased lipid content. The team is taking an approach to
transform libraries with various traits and compete these. The approach is innovative and potentially very
high-throughput. The team would then sequence to identify constructs that imparted best fitness or most
wax esters, then rebuild these constructs into A. platensis to produce optimized strains. Stacking of
growth, tolerance, and wax production traits would then take place. The approach is very focused and
sound. The competition experiments are ongoing and showing successful and unsuccessful genes that
might confer appropriate stress resistance. Metabolic profiling using mass spectrometry near-infrared
spectroscopy show ability to understand lipid and protein composition. The high-resolution mass
spectrometry imaging capability for phenotyping and selection is deemed to be very innovative within
this concept. Both indoor and outdoor cultivation studies are underway. The project is working on
developing a robust strain of A. platensis that is resistant to predation and other stresses and can be easily
harvested. If the productivity goals are achieved, the work could approach the FY 2022 productivity
targets. The work is also developing new genetic tools to help increase robustness and fitness of strains.
Therefore, the project is deemed to be well aligned with the BETO goals.

Some weaknesses were noted by this reviewer in the development of wax ester production and
association of this effort with overall goals of the program.

RECIPIENT RESPONSE TO REVIEWER COMMENTS

The project pivoted from outdoor raceway trials to outdoor flat-panel trials. Indoor simulations were
always planned and remain in the project goals. We regret that this was unclear to some reviewers.

Outdoor validation trials will indeed be completed.
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PREVENTION OF LOW-PRODUCTIVITY PERIODS IN LARGE-SCALE
MICROALGAE CULTIVATION

Global Algae Innovations, Inc.

PROJECT DESCRIPTION

GALl is a leader in low-cost algae cultivation and has WBS: 1.3.2.630
developed a high—product-ivity,- crash-resistant gulti.vation cID: EE0008121
system; however, even with this advanced cultivation
system, periods of unexplained low productivity are

Principal Investigator:  Dr. Aga Pinowska

observed. We will investigate the causes of low Ezgcc;?n?;nce- 10/1/2017-6/30/2020
productivity and develop strategies to control microbial :
Total DOE Funding: $3,000,000

ecology and dissolved organic matter (DOM) released by
microbes. These strategies will include tools to monitor the ~ Project Status: Ongoing

system ecology, methods to avert low-productivity conditions from microbes or DOM, and methods to
promote microbes that improve productivity. We will collaborate with SNL to deploy a low-cost SpinDX
detection system to monitor the cultivation pond ecology. The microbial and viral ecology of low- and high-
productivity conditions will be analyzed and cataloged. Then target microorganisms will be cultivated to test
their impacts as well as probiotic, antibiotic, and DOM remediation strategies.

The project team includes SNL, the University of California at San Diego Scripps Institution of Oceanography,
and J. Craig Venter Institute.
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Fast, economical
and simple
diagnostics for
algae pond
contaminanis

Photo courtesy of Global Algae Innovations, Inc.

OVERALL IMPRESSIONS

This project is developing an easy-to-use, rapid analytic instrument to ultimately prevent pond crashes
and unexplained periods of low productivity.

This project addresses an important challenge in large-scale production and has designed a well-
managed study to try to understand periods of abnormally low productivity. The project includes basic
research and tool development. The team has a sound technical and management approach and appears
to be on track in accomplishing its initial objectives. Future work was described in detail and appears
consistent with original plans.

This is one of several projects using microbiota to increase biomass production. This project is strongly
coupled to this specific site but could help establish a baseline for real-time large-scale contaminant
occurrence. These data could be used by all other sites and start building solutions to mitigate these
contamination occurrences.

This project is a great example of the potential value of collaborations between academic laboratories
and industrial partners. The team used large-scale cultivation systems to generate large, relevant data sets
aimed toward the reduction of crop loss in the field. The microbial population data collected to date and
demonstration of the utility of the Spin DX tool are key accomplishments. The project will benefit from
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continued effort on management and integration of the microscopy, sequencing, and productivity data to
ensure a smooth handoff and broad usability.

The project’s goal is to reduce periods of unexplained low pond productivity by identifying and
controlling microbiota cultivated with target algae. The partnership includes a strong team from industry,
academia, and national laboratories. The team aims to build a broad genomic database of key organisms
associated with the water ecology of algal cultures and will identify key organisms and determine their
effects on productivity along with treatment methods when necessary. This is an area that is not well
understood in the literature, and this work has great potential for impact. The team will also use a
SpinDX instrument to identify and quantify organisms in the field. The instrument is innovative and
carries some risks in implementation, but there is little reason it cannot be successful in the field as long
as samples are properly pretreated prior to analysis. Then the team will implement a broad-spectrum
treatment of culture to reduce organic contaminants in cultures. The approach is deemed reasonable, and
major challenges have been identified with appropriate mitigating steps. The project’s progress is
deemed reasonable at this stage. The project addresses key areas in understanding pond ecology and
effects on productivity, which can have major contributions to sustainable production and meeting the
goals of the BETO program in the development of highly productive strains and cultures that are resilient
and robust. Future work is deemed reasonable and should lead to high-impact strategies for cultivation
controls.

A minor weakness was noted in describing/envisioning strategies for the treatment of pathogenic
organisms.

RECIPIENT RESPONSE TO REVIEWER COMMENTS

We thank the reviewers for their thoughtful comments and suggestions. We agree with the reviewers that
the biggest challenge in using SpinDX for the identification and quantification of organisms
contaminating algal ponds is sample preparation and pretreatment. We are focusing on developing the
right approach for extraction of DNA and RNA for specific microorganism identification. We know that
approaches are different depending on the target organism that will be detected: eukaryotes, bacteria, or
viruses. Another reviewer concern was on developing approaches to treat pathogenic organisms. We
already have a few treatments developed to mitigate problems caused by bacteria and ciliates. We have
very little understanding on what organisms they target and how specific they are. This will be addressed
in the next phase of this project. We also expect to develop new specific treatments when SpinDX is
available and as sequencing data continues to be processed. At this point, one new treatment approach to
mitigate bacteria problems was already proposed based on the results of first round of sampling and
sequencing. We have many potential treatments ready to test.

153 ADVANCED ALGAL SYSTEMS



2019 PROJECT PEER REVIEW

HIGH-THROUGHPUT DIRECTED EVOLUTION OF MARINE MICROALGAE
AND PHOTOTROPHIC CONSORTIA FOR IMPROVED BIOMASS YIELDS

The Colorado School of Mines

PROJECT DESCRIPTION

Directed evolution and targeted trait selection remain WBS: 1.3.2.640

among the most powerful and successful tools available for . EE0008245
attaining the process improvements necessary to enable
commercial success in many biotechnology sectors. To

Principal Investigator: ~ Dr. Matthew Posewitz

develop robust and efficient algal biotechnological chassis, Ez:;cc))?rr?;nce' 9/30/2017-9/30/2020
we propose using “solar-simulating” bioreactors to select :
Total DOE Funding: $2,459,178

strains evolved for improved growth rates and improved
tolerances to high levels of light, pH, and oxidative stress; Project Status: Ongoing

and to identify photoautotrophic microbial consortia that are able to improve algal biomass yields. We will use
deep sequencing (genome, transcriptome) in conjunction with comparative genomics approaches to probe
organismal and consortia evolution and identify genomic alterations that enable increased biomass yields and
adaptations to growth in outdoor open pond systems. Outdoor validation will be done in collaboration with
GALI using their advanced open pond cultivation system that is shown to prevent contamination and attain a
threefold productivity increase relative to standard raceways. Organism foci include a diatom routinely grown
at GAI, rapidly growing cyanobacteria, as well as consortia of these organisms. We anticipate being able to
exceed the targeted productivities for the spring and annual growth cycles. Despite the widespread use and
proven track record of directed evolution in other bio-based applications, these tools have seen only limited use
in the algal biofuel sector. This is primarily because of the cost, the 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. Additionally, currently available
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commercial systems do not mimic outdoor growth well, have poor lighting systems that lack feedback
measurements and adjustments, are not particularly robust, and/or are prohibitively expensive. We are using
low-cost, modular, and scalable growth stations that mimic algal pond parameters of importance for outdoor
growth. Importantly, these easily reach the highest photon intensities of sunlight and are capable of
programmable temperature swings. We are using these “solar-simulating” bioreactors to select strains evolved
for improved growth rates and improved tolerances to high levels of light, pH, and oxidative stress; and to
identify photoautotrophic microbial consortia that can improve algal biomass yields. We will use deep-
sequencing metagenomics to probe organismal and consortia evolution and probe alterations that enable
increased biomass yields. Data from experimental work will be used to inform sustainability assessment work
with results from modeling work used to understand the impacts of the research. Currently, we have finished
determining pH, oxygen, and temperature optima, and we are now leveraging this information to improve
tolerances.

Photo courtesy of The Colorado School of Mines

OVERALL IMPRESSIONS

o This project attempts to apply directed evolution (a well-known and used technique in adjacent fields) to
increase productivity of current strains further. The team has made significant progress to date.

o This competitive project appears to be managed well and is directly relevant to MYP goals and the
BETO mission. The project is on track to meet its objectives, and the team included quantitative goals
that it still believes are achievable.
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The “directed evolution” path is not presented in a step-by-step process, which makes it hard to
understand how the target strain was “adapted.” The presentation does not highlight how the
phototrophic consortia will be maintained throughout the different laboratories and testing.

The project team is strong because it includes academic and industry partners with a broad set of
expertise. Several students were employed at the Colorado School of Mines to build the reactors,
bringing creativity and student engagement to the project. Focusing on an existing industrial production
strain, the team has developed a unique laboratory system to select for strain modifications under
relevant environmental stresses. The method of strain improvement also enables rapid deployment of
field-testing, avoiding any restrictions associated with strain importation or release of genetically
modified strains, which could be advantageous. The field demonstration will be a critical step to evaluate
the stability of the evolved strain in production and ensure that there are no unintended negative impacts
on biomass quality.

The team hopes to use directed evolution approaches as a tool to improve photoautotrophic
microorganism biomass yields and select strains/consortia that attain 24 g/m?*/day in the spring growing
season in Kauai. The approach is to evolve a specific strain to have good growth characteristics under the
typical high-O., low-pH, and high-temperature conditions observed during culturing. The new evolved
strains will be grown in environmental simulation bioreactors. They will also assemble and evaluate the
productivities of consortia. Evolved strains will be cultivated outdoors, and TEA/LCA modeling will be
performed. The approach is deemed to be appropriate and sound. The team represents a strong
partnership between academia, industry, and national laboratories. The project is still starting and
exercising major capabilities in growth characterization. The projects goals to reach productivities of 24
g/m?/day for the spring growing season in Hawaii would help the BETO program reach and possibly
surpass its targets. Further, because the algal species selected are being subjected to growth at extreme
salt, temperature, and pH environments, these cultures would likely be very resistant to predation, thus
addressing goals in fitness and robustness of cultures. The team’s efforts for future work are in-line with
the project goals.

No weaknesses are noted.

RECIPIENT RESPONSE TO REVIEWER COMMENTS

We thank the reviewers and DOE BETO management for their insightful and constructive comments on
our Productivity Enhanced Algae and Toolkits research project. We are encouraged that the review team
acknowledges the power and potential usefulness of directed evolution strategies. We concur that these
techniques have the potential to help realize MYP goals. We also agree with their assessment that
maintenance of evolved strains might be challenging, which is why we established cryopreservation
techniques and intend on maintaining selective pressures. We are currently evaluating the stability of our
first-generation cell lines at multiple laboratories, and we are attaining the necessary regulatory approval
to transfer strains to the GAI site. The evolutions are being conducted one parameter at a time and with
all parameters applied simultaneously. Pressures between the two laboratories are similar and designed
to mimic outdoor data from GAIL. As noted, starting with an industrial strain in hand is encouraging, and
careful mapping of pH, temperature, and O, optima is allowing quantitative comparisons between
baseline and optimized strains. As suggested by the reviewers, if additional throughput is necessary, we
could build and deploy smaller volume, higher throughput reactors. We also concur that important
progress has been made since the initiation of the project and that the development of a more defined
timeline of goals is appropriate.
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SUCCESS THROUGH SYNERGY: INCREASING CULTIVATION YIELD
AND STABILITY WITH RATIONALLY DESIGNED CONSORTIA

New Mexico Consortium, Inc.

PROJECT DESCRIPTION

The commercialization of algal biofuels will not be WBS: 1.3.2.641
realized until maj or tecl}nical and economic barriers are cID: EE0008122
overcome. As outlined in BETO’s update to the National
Algal Biofuels Technology Roadmap, there is a need to

Principal Investigator:  Dr. Alina Corcoran

improve culture productivity and stability as well as to Pttt of 10/1/2017-9/30/2020
. . Performance:
better understand these metrics at commercial scales. In
Total DOE Funding: $2,486,149

this project, we address these gaps. Specifically, we aim to
increase productivity of open, outdoor Nannochloropsis Project Status: Ongoing

cultures from 7 g/m?/day to 14 g/m*/day (doubling of fall SOT value) through a stepwise process to
ecologically engineer consortia consisting of (1) multiple Nannochloropsis species and strains, (2) growth-
promoting bacteria and individual Nannochloropsis strains, and (3) complex communities with multiple
Nannochloropsis strains and bacterial taxa. Previous research focused on consortia has resulted in successes
and failures. We argue that the failure to produce more productive and stable cultures has stemmed from two
pitfalls: experimental approaches that employed haphazard inclusion of species into polycultures and technical
limitations that prohibited screening of high numbers of consortium members. Our project addresses these
limitations through rational design and high-throughput bacterial screening. The project, which started in
February 2018 with verification, is currently 30% complete and on track with respect to budget. To date, we
have met six milestones and have work in progress for an upcoming milestone. In our presentation, we
highlight some of our major accomplishments. First, to rationally design Nannochloropsis consortia, we
analyzed an existing data set and generated additional data sets of strain tolerances to field medium, salinity,

Weighted Project Score: 8.1

Weighting for Ongoing Projects: Approach-25%; Accomplishments and Progress-25%; Relevance-25%; Future Work-25%

10

8
Average
Score

Approach Accomplishments Relevance Future Work
and Progress

o)]

N

n

o

I One standard deviation of reviewers’ scores

157 ADVANCED ALGAL SYSTEMS



2019 PROJECT PEER REVIEW

temperature, and pests. From this analysis, we constructed nine consortia and are currently testing their
performance compared to a baseline field strain through high-throughput screening and bioreactor trials. Data
collected thus far show that certain consortia outperform the baseline strain under certain conditions. Second,
we are overcoming the limitations of traditional bacterial screening by using a high-throughput tool (High-
throughput Screening of Cell-to-cell Interactions [HiSCI]) to isolate and select specific bacterial partners that
enhance the productivity and stability of cultures. To date, we have successfully modified the HiSCI system
for Nannochloropsis, collected environmental samples for input material, and conducted three HiSCI runs.
Three bacterial strains have been scaled from these efforts and are being tested in field-relevant conditions. We
have also sequenced multiple Nannochloropsis strains, not only to develop and implement molecular tracking
tools for this project but also to contribute to the repository of algal genomes for the scientific community.
Finally, we discuss future work, including lab and field trials, as well as mitigation efforts to address potential
challenges.

1 algal
cell

3-5
bacterial
cells

Photo courtesy of New Mexico Consortium, Inc.

OVERALL IMPRESSIONS

e The team is developing novel techniques to increase productivity and reduce crashes in open ponds. The
work is significant and encouraging progress has been made to date.

o The team appears to have a strong technical approach for a project that is highly relevant to the BETO
mission and MYP goals. Initial baseline accomplishments are on track, and strong project management
will be required to complete an ambitious set of remaining objectives.

e The team is using a novel consortia-based polyculture approach to achieve higher production. This is a
complex approach with high probability for false correlation.

o This approach to consortia development is based on targeted improvement to productivity while
maintaining consistent biomass quality in-line with MYP targets. The use of strategic consortia designed
to reduce productivity loss from abiotic and biotic stress has high potential. The inclusion of additional
algal strains and sources of potentially beneficial bacteria should be considered for future work.

o The objective of this project is to rationally design intrageneric Nannochloropsis consortia and
Nannochloropsis-bacteria consortia to increase productivity, stability, and yield of open, outdoor
cultures, with the goal to reach a productivity target >14 g/m?/day with consistent biomass composition.
The team is developing tools to rationally design consortia of algae within the same genus but different
phenotypes. To do this, a molecular tracking system to distinguish consortium members is being
developed using the ccsA amplicon sequence. Consortia are integrated in a high-throughput screening
system using agarose beads. The use of this tool is viewed as very innovative and a simple and fast
approach to screening consortia of multiple compositions. The team has met all the milestones to date.
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The ability to synthesize and control polycultures and microbial consortia could be an excellent approach
to increase biomass productivity and crop