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INTRODUCTION

Biochemical Conversion and Lignin Utilization is one of 12 technology areas that were reviewed during the
2021 Bioenergy Technologies Office (BETO) Project Peer Review, which took place virtually March 8-12,
15-16, and 22-26, 2021. A total of 26 presentations were reviewed in the Biochemical Conversion and Lignin
Utilization session by five external experts from industry, academia, and other government agencies. For
information about the structure, strategy, and implementation of the technology area and its relation to BETO’s
overall mission, please refer the corresponding program and technology area overview presentation slide
decks, which can be accessed here: https://www.energy.gov/eere/bioenergy/2021-project-peer-review-
biochemical-conversion-and-lignin-utilization.

This review addressed a total U.S. Department of Energy (DOE) investment value of approximately
$54,311,484, which represents approximately 8% of the BETO portfolio reviewed during the 2021 Peer
Review. During the Project Peer Review meeting, the presenter for each project was given 30 minutes to
deliver a presentation and respond to questions from the Review Panel.

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

BETO designated Ian Rowe as the Biochemical Conversion and Lignin Utilization Technology Area Review
Lead, with contractor support from Chidiebere Agwu (BGS). In this capacity, lan Rowe was responsible for all
aspects of review planning and implementation.
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BIOCHEMICAL CONVERSION AND LIGNIN UTILIZATION REVIEW
PANEL SUMMARY REPORT

Prepared by the Biochemical Conversion and Lignin Utilization Review Panel

INTRODUCTION

The BETO program in Biochemical Conversion and Lignin Utilization is focused on two primary aims: (1)
developing new approaches to separate and valorize lignin and lignin-derived products with the goal of
increasing their value when compared to current uses as fuel; and (2) developing biochemical conversion
processes for transforming lignocellulosic biomass into different fuels and chemicals. The lignin valorization
projects ranged from using different lignin fractions as a direct replacement for existing products to the
conversion of lignin monomers into new and existing products using both chemical and biochemical
approaches. The biochemical conversion projects include strain development and engineering, improved
methods for biomass pretreatment, enzyme development for saccharification, fermentation process
development and optimization, cell-free technologies, and the development of analytic and modeling tools for
processes characterization and optimization.

The program incorporates both applied and fundamental objectives focused on answering the scientific and
engineering questions necessary for reaching the overall goal of producing lignocellulosic biofuels at a cost of
$2.50 per gallon gasoline equivalent (GGE) by 2030. This goal drives the research program, with each project
within the portfolio displaying a clear understanding of the goal and directing their research—both
fundamental and applied—towards achieving it. A significant strength of the BETO program is the handoff of
these cost and operating goals to research teams within academia and industry. BETO, to their great credit, is
supporting a number of parallel research approaches for meeting these goals, reflected in the 26 projects being
evaluated as part of the peer review.

BETO’s multifaceted approach to cracking these problems by supporting multiple approaches to lignin
valorization and biomass conversion is commendable: catalytic, thermochemical, and biological
transformations; whole-cell and cell-free fermentations; and batch and continuous processing, with outstanding
science supporting the molecular-level understanding of these processes and technologies. The program also
allows for both success and failure. This is consistent with the continued evolution of BETO from an industry-
only focus to one that supports fundamental work and science as long as the case can be made for such work
having an impact on the overall goals of the program. The close integration of science, economics, and
application has become a hallmark of the program, able to provide significant advances in knowledge while
still attracting commercial interest. As pointed out in the techno-economic presentation, BETO is not trying to
put all of their eggs in one basket. The approach makes sense, and the management team should be
congratulated for the directions they are taking in biomass conversion and lignin valorization.

While most projects are related to improving unit processes within specific technology paths, there is a solid
mix of projects that are exploring new technologies. This is healthy since the currently envisioned critical path
technology may not be the preferred one in the future. Specific examples of this are the “lignin first” concept,
which would require rethinking current technologies for biomass pretreatment and deconstruction for the main
purpose of improving how to make small chemicals from lignin, and cell-free technologies, which would
bypass the challenges of using living organisms for biomass conversion.

Overall, the program is well managed with most projects meeting or exceeding their milestones, which all have
clear relevance to the overall program goals. More importantly, BETO has course-corrected projects that got
off to a slow start and incorporated feedback from previous reviews. This clearly indicates that BETO is taking
an active role in managing their research portfolio.
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STRATEGY IMPLEMENTATION AND PROGRESS

Techno-economic analysis (TEA) — The broad application of TEA is a key strength of the BETO portfolio,
especially for the projects funded at the National Renewable Energy Laboratory (NREL), where it has been
used to select different target products and processes. However, greater clarity around the methodology for
TEA would be helpful. A number of the projects presented TEA results that discussed sales prices, current
market values of products, or the minimum sales price needed to achieve or have a significant impact on the
dollar-per-GGE target. What was not clear is what the production cost of the targeted materials would be. This
would appear to be a critical component of the TEA methodology, but production cost estimates were only
explicitly shown in the Texas A&M project. The market determines the sales cost, which varies depending on
demand, but the technology determines the production cost, which may show much less flexibility. If a
stakeholder is investigating potential new products or approaches, they would be most interested in how much
it will cost them to make the new product in comparison to conventional approaches. The sales cost is of less
Interest.

In addition, there was a lack of information regarding mass balances. For example, only a small portion of the
isolated lignin is being converted to a product, and a smaller fraction is captured in the final product. Do these
lignin conversion efforts run into a problem of diminishing returns as more and more mass is lost in each step?
Mass balances will provide not only a better understanding of the process, but also help understand the product
and coproduct mix and identify plant discharges (air, water, solids for landfill). This type of information is
consistently missing from the projects and can be provided in a simple Excel sheet or table.

If we use the model of distributed biorefineries as the baseline, how can multiple efforts and capital investment
dispersed around the biomass-generating portions of the United States compete with a single plant near
Houston grinding out huge amounts of material from a single location? Perhaps such assessments are buried
within the TEA approach.

For some early-stage technologies, detailed TEA is unnecessary. Perhaps a hierarchical approach to process
design and economics would be more useful, where gross calculations are performed for low-technology-
readiness-level (TRL) projects and more detailed analyses for higher-TRL projects. Finally, greater
transparency regarding the governing assumptions would be helpful.

Life cycle assessment (LCA) — The emphasis on using technical and economic targets is valuable to help
compare projects and have them working towards a common goal. However, a perceived gap in the portfolio is
the application of LCA as a guide for whether a given technology is sustainable and will have environmental
benefits. Examples of this are included in the current portfolio (e.g., too much use of NaOH is not sustainable),
but many other projects would benefit from LCA. In particular, the cell-free projects come to mind as projects
for which LCA may be very useful to either promote the technology or curtail the extent at which it is
evaluated as part of the BETO portfolio. Using LCA could avoid claims such as cell-free processes having no
CO; emissions. This may be true for a specific pathway, but certainly not true when one considers the energy
needed to make enzymes, cofactors, etc.

Cell-free technologies — BETO is funding three projects involving cell-free systems. These technologies are
promising because they potentially avoid many of the complications associated with using living organisms.
At the simplest level (as illustrated by the project led by Northwestern in collaboration with LanzaTech), these
systems can be used to rapidly test different enzyme combinations for pathway optimization. The rationale and
impact in this instance is clear: These systems accelerate the design process by minimizing the amount of
tedious genetic engineering required. In addition, the Northwestern/LanzaTech team was able to demonstrate
that results obtained with cell-free systems derived from E. coli lysates correlate well with whole-cell results
obtained with Clostridia. In addition to providing an enabling technology for accelerating the design process,
BETO also funded two projects using cell-free systems to directly produce 2,3-butanediol (BDO) (at NREL)
and isobutanol (at Invizyne). Both teams have made remarkable progress and were able to obtain impressive
results at the bench scale. The review team, however, was skeptical whether such processes could produce

320 BIOCHEMICAL CONVERSION AND LIGNIN UTILIZATION



2021 PROJECT PEER REVIEW

their target products at competitive prices and at scale due to the associated cost of producing the requisite
enzymes. To be clear, both teams were cognizant of these challenges. Lacking were any data to rationally
frame this discussion. In other words, no one had a clear idea whether such systems would be economical or
not. Going forward, if BETO plans to continue funding projects using cell-free systems as the production
platform, they are advised to invest in projects focused on scaling up cell-free systems. The promise has been
established, in no small part due to current investments from BETO in the promising technology. The next step
should be to determine whether these systems can produce bulk chemicals and fuels economically at scale. In
addition, identifying the right product targets, while challenging, will allow BETO to focus its resources on
more near-term opportunities that can validate this approach and achieve early commercial successes.

Pretreatment — In contrast to the excellent variety of approaches being explored to reach the BETO GGE goal,
one area where it appears that the choices have been limited is the front end of BETO’s putative biorefinery.
Corn stover has a long history at NREL, and has in more recent years been combined with deacetylation and
mechanical refining (DMR) for initial pretreatment. Nonetheless, it would be helpful to know why other
pretreatment processes do not seem to be in the mix or see very limited emphasis. It is not clear whether any
commercial efforts outside of BETO use this technology for lignocellulosic conversion. What happens if this
process is not what the general lignocellulosic biofuel industry ultimately chooses? It would be helpful to
know of specific industrial interest in order to put this concern to rest.

Enabling technologies — BETO funds a number of project within NREL that provide supporting services.
These services (analytic, TEA, modeling, scale-up) provide clear value by taking advantage of the unique
expertise and capabilities within the national labs. They are also led by leaders in their respective fields and
their work is recognized globally. The narrow focus of these projects is perhaps a missed opportunity because
they could also provide equal value to the field in general and not just projects funded within NREL.

Chemicals to fuels — The review committee questioned the logic of converting cellulosic sugars into high-value
chemicals (e.g. 2,3-BDO, butyric acid) and then downgrading them into fuels. Perhaps there is a reasonable
and economically justified rationale, but it was difficult to see this from the presentations. The powerful TEA
methodology in the program should be flexible enough to allow evaluation of multi-product scenarios, and to
determine a profitable balance between fuels and chemical products from both carbohydrates and lignin.

Innovation — While many projects will advance knowledge, it is hard to gauge impact and outcomes without an
active engagement by industry. Since many of these projects can be classified as a better fit by providing proof
of concept and therefore have high inherent risk, they need to be evaluated based on their potential for
disruption. By definition, a disruptive innovation is an innovation that creates a new market or can eventually
disrupt an existing market, thereby displacing established market-leading firms, products, and alliances.
Judging by the current 26 projects evaluated, some projects fit into one of these two categories. It has to be
recognized that the path to commercialization goes beyond technological breakthroughs, as there are market,
regulatory, and economic hurdles to overcome. While many projects identified companies or indicated interest
by industry, there is little evidence that the industrial partner is actively engaged in these projects and are
providing in-kind support or guidance to the projects. Projects that fund startup companies and businesses do
not provide an indication of commercial plans and timeline. For this reason, it is hard to comment on
commercial viability.

Fundamental versus applied science — From the plenary presentations, there is a clear philosophical change
underway at the highest levels of BETO management. Specifically, DOE’s focus on jobs, decarbonization, and
climate change will increase the emphasis on applied science and demonstration projects. Historically, this
type of change has been to the detriment of the fundamental science that BETO has worked so hard to
incorporate. Statements during the plenaries such as “we have to get the scale-up going,” “we will have to see
the development of jobs,” and “we have done enough fundamental and applied work to put us on the 2050
path,” along with a rejuvenation of pre-pilot and pilot work, strongly suggest that fundamental work may be
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reduced. Obviously, these high-level decisions are outside of BETO's control, but the program could strategize
about how to maintain a science-driven effort while addressing potential new directives for deployment.

Moreover, it is clear that bioenergy is a unique field of study. By working in bioenergy, one is necessarily
linked to the eventual development and deployment of technology for industry. But having industry
development as a goal does not mean that the need for fundamental science is reduced. The entire experience
of BETO at the national labs with their greater inclusion of fundamental science over the last 15 years
graphically illustrates what can be learned and implemented in a science-driven program. BETO is in a unique
position to make this happen. The Basic Energy Sciences program will not fund such work because it is not
fundamental enough. Industry will not fund it because it is too risky and they do not want to be the first to
invest in high-risk efforts. BETO provides the bridge that others cannot or will not develop and allows study of
new technology for others to consider and implement. There is nothing wrong with demonstration efforts, but
the only way that one reaches that point is through a strong scientific foundation, both in fundamentals and
applications.

Therefore, this should not become an either/or for fundamental research versus applied science and large-scale
demonstrations. The most powerful combination of activities for BETO would be the retention of the strong
scientific program that BETO has built while advocating for new projects to support what appears to be a
strong administration interest in large-scale demonstration.

Conclusion — BETO’s program in Biochemical Conversion and Lignin Utilization has developed a strong
portfolio with compelling scientific and engineering goals. The overall portfolio provides a good balance of
fundamental and applied projects along with investments in a number of high-risk, high-reward projects. The
targets based on techno-economic analysis, scaling up, and achieving future goals for the minimum selling
price of transportation fuels is unique and fills an important niche in de-risking potential technologies for
lignocellulosic biorefining. The portfolio is also well managed, with most projects meeting or exceeding their
target milestones. Lastly, the program should strongly consider embracing LCA as an important metric to
evaluate the sustainability of the proposed technologies since cost is not the only variable that will play an
important role in the future of the lignocellulosic biorefining industry.

RECOMMENDATIONS

Recommendation 1: There is a perceived gap in the portfolio in the application of LCA as a
guide for whether the technologies being explored are sustainable and will have
environmental benefits. The panel recommends an increased emphasis on using LCA to
inform direction.

Recommendation 2: There is a lack of clarity around the way in which prices, costs, and
mass balances are communicated in BETO’s economic analyses. There is also an
opportunity for TEA capabilities in the portfolio to be used to assess product streams that
go beyond simply generating fuels, and instead include other, more valuable products. The
panel recommends greater clarity in TEA methodology and allowing flexibility in these
analyses such that BETO can consider multi-product scenarios.

Recommendation 3: BETO has a long history of investigating DMR as the main method of
biomass pretreatment for the front end of a biorefinery. However, the justification for the
emphasis of this strategy at the exclusion of other pretreatment methods has not been
clear. The panel recommends that BETO clarify the reasoning behind choosing DMR while
also increasing the industrial involvement in the development of this pretreatment process.

Recommendation 4: BETO has built a portfolio that contains a significant amount of lower-
TRL scientific research that is not being done by industry. The panel recommends that
BETO develop a strategy to maintain a balance between more fundamental science work
as it endeavors to increase technology deployment.
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BIOCHEMICAL CONVERSION AND LIGNIN UTILIZATION
PROGRAMMATIC RESPONSE
INTRODUCTION

The Conversion Program expresses its immense gratitude to the reviewers for their feedback,
recommendations, and all the time and effort put forward in the 3-day virtual review process and the
subsequent debrief sessions. The reviewers stated that the diverse investments made by BETO in Biochemical
Conversion and Lignin Utilization research and development (R&D) are well structured and balanced between
national labs, industry, and academia. The reviewers applauded the program’s integration of science with
economic analysis and commercial interest. The panel specifically identified the strong TEA capabilities and
their broad application across the portfolio. However, they cautioned that at early stages, TEA can be an
unnecessary activity that provides questionable information, and that transparency in such analyses is key.

The Review Panel specifically highlighted the willingness of the program to invest in fundamental
technologies that have a longer time horizon. This was seen as a strength of the portfolio. Specifically, the
reviewers pointed out the work in cell-free technologies for developing fuels and products as an example of
early-stage technology that shows promise in no small part to BETO investment. Reviewers stated that these
technologies were in need of exploration at larger scale to determine if they are industrially viable.

The panel pointed toward more strategic industrial involvement as an area that could help ensure that the
innovative work occurring in the portfolio has an impact in the market. The commercial viability of many
technologies go beyond just hitting certain cost targets, and digging into what makes a technology
commercially viable in collaboration with stakeholders was seen as an area that needs improvement. Similarly,
the panel suggested that analyses done within the program should allow for flexibility beyond just producing
fuels from biomass and instead evaluate scenarios that explore converting lignin and sugars into chemicals and
products.

Recommendation 1: The panel recommends an increased emphasis on using LCA to
inform direction.

The program wholeheartedly agrees with this guidance from the panel. Most of the goals associated with
BETO efforts are related to metrics like titer/rate/yield or more encompassing objectives like hitting a certain
dollar-per-gallon target. BETO is actively exploring officewide targets that more accurately describe the
sustainability benefits of BETO technologies, such as those related to reductions in the carbon intensity of
fuels and products.

Recommendation 2: The panel recommends greater clarity in TEA methodology and
allowing flexibility in these analyses such that BETO can consider multi-product scenarios.
The program concurs with the need for clarity in TEA methodology. The program endeavors to align TEA
efforts across the portfolio such that assumptions are consistent and methodology is the same. The program
acknowledges that clarity around selling price versus production cost is essential to understanding technology
advances, and BETO commits to communicating this more accurately. Finally, the program strongly agrees
with the reviewer recommendation to explore multi-product scenarios. BETO acknowledges that examining
product choices other than fuels is essential to understanding the full potential of technologies advanced by
BETO. The potential of products/coproducts to enable fuels is something that BETO is actively studying.
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Recommendation 3: The panel recommends that BETO clarifies the reasoning behind
choosing DMR while also increasing the industrial involvement in the development of
pretreatment processes.

The program greatly appreciates the reviewers’ feedback on biomass pretreatment and agree with their
recommendation on industrial involvement. BETO considers that certain advantages of DMR, such as the
quality of the resulting lignin and that it doesn’t require high pressure, make it a method that avoids some
barriers of other pretreatment strategies. Additionally, BETO agrees with the importance of industrial
collaboration in pretreatment and is actively pursuing it. The recent Affordable, Clean Cellulosic Sugars for
High-Yield Conversion topic area from the fiscal year (FY) 2021 Scale-up and Conversion funding
opportunity announcement seeks applicants with technologies for producing cellulosic sugars and is open to a
wide array of pretreatment strategies.

Recommendation 4: The panel recommends that BETO develops a strategy to maintain a
balance between our more fundamental science work as it endeavors to increase
technology deployment.

The program strongly agrees with and appreciates the reviewers’ assessment of the importance of lower-TRL
technologies. While the shift toward demonstration and deployment is a focus of BETO, the need for
fundamental research on many early-stage technologies persists. BETO endeavors to balance the TRL of
research needed to achieve its goals.
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BIOCHEMICAL PLATFORM ANALYSIS

National Renewable Energy Laboratory

PROJECT DESCRIPTION

The objective of this project is to perform TEA to
guide Biochemical Platform efforts, utilizing models
for purposes of setting future R&D targets and tracking
performance progress against those targets. Outcomes
of our work are leveraged by BETO to guldf: program Project Start Date: 10/01/2019
plans, as well as by other NREL/partner projects to

quantify the impact of research on key technology PlEnAeE CTEEet Enel P | L) sl e
barriers and to prioritize future efforts. Total DOE Funding: $1,500,000

WBS: 2.1.0.100

Presenter(s): Adam Bratis; Ryan Davis;
Zia Abdullah; Courtney
Payne; Jessica Krupa

This project provides high impact and relevance by establishing “bottom-up” TEA models as a basis for
understanding the technical feasibility to meet “top-down” BETO cost targets. By providing a framework to
translate technical performance to cost reductions in a biorefinery, our TEA models may be leveraged to
maximize the efficiency of research funding towards the most economically impactful priorities, ultimately in
support of BETO’s 2030 fuel cost targets below $2.5/GGE. In order to mitigate a key risk/challenge to this
project in overly constraining our analyses to a singular technology focus or TEA metric, our approach
continuously reassesses opportunities for better optimization and alternative technology pathway options,
while maintaining close interaction with other BETO analysis partners. We have made numerous recent
accomplishments rooted around identifying and working with the researchers to solve key technical and
TEA/LCA challenges, reflected through notable improvements in state-of-technology (SOT) updates over
prior benchmarks.

Average Score by Evaluation Criterion

[ Session Average [ Score [ Range »  Min/Max

5
.
3
2
.
o

Management Approach Impact Progress and Average
Outcomes

Score

Criteria
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‘Waterfall Plot: BDO Pathway SOT and Future Projections
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COMMENTS

Good management team with relevant experience. Communication plan and collaboration in place. Risk
mitigation strategy outlined. Approach is good in helping to address challenges to cost-effective biomass
pretreatment. Biomass hydrolysis and fermentation production of 2,3-BDO and organic acid production
used as models. Challenges are inherent in technologies that have not been demonstrated at pilot and
commercial scale. There is a need to work with industry to address scale-up issues. Widespread impact
to policy holders and technology enablers is anticipated from this work. Good analysis is provided on the
modeled two cases that confirm that current approaches to lignin monetization are challenging. So far,
the best-case economic scenarios support burning lignin as providing the best economics. The results
also confirm that using NaOH is a costly approach with greenhouse gas (GHG) implications. The
modified two-stage Na,CO3/NaOH is interesting but may not be viable. The new approach using
methanol/H; using reductive catalytic fractionation (RCF) is a better option, as lignin is removed as an
oil. Methanol is highly toxic to microbes, so would need to be stripped fully from solubilized fraction
before fermentation. Are there better solvents to use (ethanol [EtOH], isopropyl alcohol)? These can be
recovered and reused, and in case of EtOH is considerably less toxic to microbes. Overall, the team
contributes well to the DOE program in highlighting costs and technology barriers. The downside is that
the research work still needs to be done before good TEA/LCA models can be developed.

Strengths: The Biochemical Analysis program provides a vital crosscutting service function by assessing
economic progress and opportunities that roll up to achieve the higher BETO program directions. Since
one of BETO’s primary goals is to transfer the work to industrial stakeholders, a value proposition is
necessary. The evaluation of each project provides that proposition and gives an entree for discussions
with industry. The team notes that they try to keep all the eggs out of one basket, reflecting BETO’s
philosophy of setting a single high-level goal (the $/GGE price) and their willingness to study multiple,
parallel routes to achieving that goal. The emphasis on better integration of LCA with TEA is an
improvement over 2019 and shows good progress in program direction. The increased LCA emphasis is
also in line with the administration’s interests in decarbonization to reduce the effects of climate change.
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Areas for improvement: The team relies primarily on Aspen Plus as a one-size-fits-all tool for TEA. This
can take a long time to execute and is cumbersome for early-stage projects. Access to different levels of
analysis would improve the program—for example, quick, back-of-the-envelope, best-case scenario
evaluations that could be carried out in hours. The results generated by analysis need to be clearer and
easier to compare to industrial standards. A primary issue is the lack of production costs for a fuel or
chemical. Production costs (set by the technology) offer a much more useful means of comparing
competing routes, and are easier to present to a potential stakeholder. Yet in this presentation and most
others, various forms of sales costs (set by the market, such as minimum fuel selling price [MFSP] or the
required sales price of adipic acid, sugars, BDO, etc.) are used for comparison. In some cases, sales costs
for a single chemical product are applied to product mixtures (pyrolysis oils, Oak Ridge National Lab
mixed alcohols), which will never generate the same sales cost as a pure material. Perhaps a production
cost is buried somewhere in the analyses, but overall, the lack of a clear means of comparison can make
the analyses appear muddled and less transparent. More information on the impact on $/GGE as a
function of different balances between fuel and chemical production would be helpful. TEA should be
flexible enough to move away from assuming that all carbohydrates will end up as fuel while lignin will
supply chemical products to support the production of low-value hydrocarbons. The project would be
strengthened if there were sensitivity analyses showing the effect on $/GGE if various levels of sugars
were also sold as products (e.g., 10%, 25%, 50%), since the current fuel intermediates are marketplace
products in their own right. The program would be further strengthened if the rationale behind the choice
of chemical coproducts for inclusion in the evaluation was more clearly described (e.g., why adipic acid
or BDO?).

e The goal of the project is to provide process modeling and techno-economic analysis for the
BETO/NREL projects. Overall, this is an extremely valuable service and a key/unique strength of the
BETO/NREL portfolio. These activities should continue because they can help direct the various
technology-focused projects to more realistic processes and molecules. Another key strength is outreach
and dissemination. The team has also published a number of high-impact reports and models on the
economics of lignocellulosic-based fuels. These activities should continue, and ideally expand. In
particular, this is where the team can have real impact beyond the activities within NREL. It will also
address some concerns regarding the calculated numbers, which some reviewers thought were overly
optimistic. It would also be great to see the team expand into more comprehensive LCA. Lastly, TEA
can provide clear milestones for go/no-go decision points. To really highlight the impact of defining
these benchmarks, it may help to provide explicit examples of processes that are not feasible given
current technology or never will be. This is where the real impact of the project is: eliminating promising
but infeasible projects.

e The project seems to be running quite well. The iterative approach TEA and optimization evaluations to
drive R&D is a system with substantive merit. This systems bridge approach to guide technical targets is
of value. Impact enhancement by generating tools, as opposed to reports, could perhaps be of
consideration. There are many skillful and competent members within this consortium, and developing
of a block model TEA tool for industrial applications, with discrete unit operation blocks tailored for a
suite of processes, would be valuable and plausible. Acknowledging the challenges with TEA of novel
technologies, which are not understood well at scale, well-understood feed streams such as excess wet
mill, dry mill, cane sugar capacity could be modeled for near-term market impact. We can see that the
lignin coproduct is a critical pinch point to the economics. Ideally, this could somehow be decoupled, as
no viable pathways are currently operating to my knowledge. The technical and startup complexities
with any of these proposed technologies are tremendous and are not transparent in the modeling effort.
Content has to be limited due to the presentation window; however, more details related to the process
would be helpful. In other words, was the TEA performed on the exact process that was deployed
according to the process flow diagram? For instance, were commercial cellulases used in piloting while
"on-site enzyme production" was modeled? Capital expenses (CapEx) reduction potential would also be
insightful. The modeled processes shown generate revenue, and the returns on investment make sense on
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paper, although $700,000,000 for a process producing 31 million GGE annually is a tough pill to
swallow. Core technology changes might be necessary to decrease the impacts of economies of scale,
allowing design of smaller systems. Industry will have a difficult time couching up that magnitude of
capital. If possible, visibility of the “Credibility of Analysis” conclusions would be value added from a
project review perspective. The nonlinear results for the 70/35 deacetylation catalyst loading slide, in my
opinion, adds confidence to the data set, as a bad or off data point is believable. It is great to see that fuel
targets were met in advance. Similarly, considering the new sugar catalyst pathway, it is great to see the
higher GGE/ton yield due to higher carbon utilization. Good job team, thank you.

This project provides the TEA of the different lignocellulosic biorefinery processes being studied. It
effectively serves as a connection point for setting economic targets for other projects seeking to enhance
the value of lignocellulosic biorefinery applications. The project management is well done and there is
evidence of interaction and communication with personnel from other related projects. The impact of
this team on the development of the cellulosic biorefinery concept is without question. The TEA reports
produced often become benchmarks that are used by others to compare their alternative approaches. The
project uses the production of 2,3-BDO and organic acids as baseline cases for comparisons of year-to-
year progress against a 2030 benchmark of achieving an MFSP of $2.5 per gallon. These baseline
analyses are effectively used to give targets to other projects such as those working on making
coproducts from lignin, with adipic acid being the tested product. The analysis provides less clarity when
attempting to display cases with coproducts, as assumptions are not easily identified. For instance, in
order to achieve 2030 goals, there is a need to convert adipic acid production from adding cost to the
overall cellulosic biorefining process to producing revenue. Productivity and percentage of lignin
conversion are identified as the main drivers to creating a revenue-generating coproduct. Does this
assume a fixed selling price for adipic acid? Is that selling price equal to the market price of adipic acid
made from fossil fuels? It would be useful to have information of the production cost to compare to the
market price more easily. Then, when evaluating the lignin-first process, the selling price of the lignin oil
is a new target (in $/1b) instead of continuing using adipic acid as the target coproduct. The metric
changes to the minimum sugar selling price (MSSP) (in $/1b) when evaluating NaOH replacement. Then,
when evaluating sugar catalytic upgrading, the process diagram shows production of C14-C16
hydrocarbon fuels plus adipic acid. Is adipic acid production fixed to 2030 goals to make the estimates of
MFSP for the hydrocarbons? On a more general note, reporting in this and other connected projects
could be improved if the alternative metrics used in other projects are also emphasized in this project.
For instance, if the MSSP is a more logical metric for some projects to use, the reporting could benefit
from information about the 2030 goal for MSSP that this project uses.

PI RESPONSE TO REVIEWER COMMENTS

We thank the reviewers for their insightful comments, and appreciate the recognition of the importance
of this project in guiding NREL/BETO program directions. Regarding the comments around the TEA
models solving for “production costs” versus “market values,” we would like to provide clarification that
the TEA work conducted here in fact does solve for “production costs” as driven by the technology,
based on underlying technology performance, yields, and associated capital/operating costs. This can
then be compared against market values; for example, MFSPs calculated from the TEA models can be
compared to market values for fuels, which are currently set at a fixed $2.5/GGE basis per BETO
guidance across all platforms. Any coproducts (such as adipic acid from lignin) are set at market value
prices, typically based on historical multiyear market price averages, to determine the resultant
coproduct revenues they garner for the biorefinery. More information on our TEA methodologies and
sensitivity analyses to factors such as coproduct market values and conversion performance metrics may
be found in our design reports (https://www.nrel.gov/docs/fy190sti/71949.pdf).

On the comment about making TEA more flexible for quick-turnaround analysis, we have been building
several tools and methods for performing such higher-level/back-of-the-envelope analyses that don’t
involve as rigorous (but time-consuming) Aspen Plus modeling. These typically are based on exercising
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the economic spreadsheet portions of the TEA models to adjust yields, unit operation
inclusions/exclusions, input/output costs, etc. (although our TEA team also has built separate quick-
turnaround tools for newer/less-established concepts as well), which we leverage frequently to help
answer “what-if’-type questions from researchers or BETO managers around process modification
opportunities. Given inherently higher uncertainty in such analyses, these are typically used for internal
purposes and are not published, and time was not available to cover such approaches in the presentation.

To the comment about screening out infeasible projects, this type of analysis is also applied for that
purpose, such as generating order-of-magnitude estimates to establish feasibility for early-stage concepts
prior to extensive modeling when economic challenges are anticipated due to factors such as high-
severity operating conditions, high usage of a solvent, or high costs of a chemical co-feed.

In response to the comment about also focusing on tools and not just reports, we have established several
such tools over recent years for use by the public and industry partners. Two examples as mentioned
briefly in the presentation include a public TEA sugar model
(https://www.nrel.gov/extranet/biorefinery/aspen-models/, second set of files) and an Excel-based TEA
tool to estimate the cost of biochemical intermediates over varying inputs for feedstock type,
composition, cost, and conversion performance that does not require the use of Aspen (provided to an
industry collaborator investigating opportunities for excess pulp mill capacity). We are also working to
evaluate opportunities in the context of today’s existing industry resources—for example, to understand
technology “bolt-on” possibilities to add cellulosic biomass processing capabilities to the front end of a
Gen-1 facility (e.g., via DMR processing) and/or opportunities to switch to a new fermentation product
with minimal redesign (e.g., 2,3-BDO), recognizing and fully agreeing that the capital expenses for such
complex biorefineries as those described in our “design cases” may prevent implementation of such
designs in the near term.
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substrates and achieved over 270-g/L monomeric sugars. To achieve BETO’s 2022 target of 90% sugar yields
with 10 mg protein/g of cellulose, we have modified the DMR process by using a two-stage Na,CO3 and
NaOH deacetylation, which allows us to achieve 90% glucose yield and 88% xylose yield. In addition, by
reducing NaOH with a lower-cost and lower-GHG-emitting alkali (Na,COs3), the modified DMR process
reduces MFSP by approximately $1/GGE in the FY 2020 SOT and reduces GHG emissions by about 22% in
sugar production. In collaboration with Princeton University, we have developed a novel NaOH recovery
system that enables high NaOH recovery, reduces NaOH usage, and produces renewable H, by processing the
waste organics in deacetylation black liquor. Feedstock variability was investigated in collaboration with the
Feedstock-Conversion Interface Consortium using corn stover anatomic fractions to advance fundamental
knowledge in the DMR process.
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COMMENTS

Management team, research, and communications plans are adequate. Risk mitigation strategy is in
place. Three parallel approaches used to address NaOH uses, as well as NaH recovery and the
determination of feedstock variability. Impact is hard to assess, as the challenges identified by TEA/LCA
done by the modeling group do not confirm cost-effectiveness and viability for the use of NaOH. Two-
stage Na,COs3/NaOH or NaOH/ozonolysis and operation can be challenging. TEA does not support the
use of NaOH DMR as having a low GHG impact. The two-stage processes are promising but there is
additional cost from additional unit operations. RCF looks more promising but comes at a significantly
higher cost. The use of existing plant equipment may not be as easy as it sounds, as extra handling,
storage, and costs of chemicals need to be factored in for existing ethanol plants. LTAD is a better fit
than high-pressure/high-temperature specialized equipment that will require higher maintenance and
cannot be operated easily in continuous mode. LTAD trades higher chemical/mechanical energy cost for
lower chemical and higher energy cost and CapEx needed for specialized high-pressure reactors. NaOH
recovery by microbial electrochemical technology still needs to be demonstrated at scale. This approach
also comes at additional operational costs and risks associated. Progress and outcomes seem to be
reasonable based on original assumptions made and targets. On the overall, having also reviewed this
project in 2019, it seems that the research keeps identifying new hurdles, bottlenecks, and challenges.
RCF seems to be a more viable approach to pretreat corn stover, as it has the potential to reduce GHG
emissions, but it comes at a higher CapEx. Progress and timeline of this project need to be revisited, and
it would be helpful to have a side-by-side of all pretreatment options with pros/cons with cost and
material balance provided.

Strengths: This process is projected to generate a sugar with a minimum selling price of $0.25/1b, while
lowering overall pretreatment cost by 30%. These would be significant improvements, as pretreatment is
a major cost contributor to the overall price of the final biofuel. Importantly, the team has achieved their
2022 targets early by demonstrating a 90% yield of glucose and an 88% yield of xylose via 10 mg
cellulase/g cellulose. This has been translated into a $1/GGE reduction. The new approach also offers
significant GHG and energy consumption improvements, specifically by employing the two-stage
NayCO3/NaOH treatment, with the best results being obtained by using less-expensive carbonate as the
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primary pulping chemical. The team’s partnership with Andritz and Novozymes, two heavy hitters in the
mechanical and enzymatic world, respectively, is a good addition to the project. On slide 17, the
principal investigators (PIs) describe an approach to convert entrained syringaldehyde to
dimethoxybenzoquinone, and then use a Diels-Alder reaction to generate naphthoquinones and
anthraquinones. This is an interesting concept, but this exact transformation of monomers from lignin
was first invented at the Solar Energy Research Institute (now NREL) between about 1989 and 1995,
and was the subject of several publications. The goal of the early work was to make anthraquinone
derivatives as pulping catalysts, and thus it would be interesting to see if anthraquinone would also
improve LTAD, given its similarity to soda pulping. Alternatively, anthraquinone is used in the
industrial production of HOOH, offering another opportunity for stakeholder discussions.

Areas for improvement: The project is based on DMR as its baseline source of sugars and lignin.
However, there is no evidence that the biorefining industry will adopt this as their front-end technology.
This presents a risk to the program of developing a pretreatment process and downstream conversion
technology that is internally consistent but not an industrial standard. Further, given the similarities to
processes in the pulp and paper industry, it would be valuable to know the applicability of this approach
to different lignocellulosic feedstocks, as corn stover may not be the feedstock of choice for the
biorefining industry in different parts of the United States. It would be helpful to have a better idea of
how deeply the industrial partners are involved. A willingness by the partners to build a demonstration or
pilot plant around this technology would go a long way toward establishing DMR as a credible industrial
pretreatment. The electrochemical approach for recovery of NaOH is a scientifically interesting and
elegant approach for NaOH recycling. However, industry still sees electrochemistry as exotic and
expensive. It would be helpful if the PlIs could provide more information regarding the possible use of
this approach at scale. The economic feasibility of this approach among a network of distributed
biorefineries is also questionable, as the CapEx might be high. The team is investigating whether more
value can be obtained from black liquor via biological transformation. Recycling of black liquor affords
4 g/L of muconate after a week of treatment, which is a small amount. Mass balances evaluating the
volume of black liquor needed at a commercial scale to generate this 4 g/l would be revealing, as it is
unlikely that this amount of product would have a significant effect on biorefinery profitability.

o The goal of this project is to develop a low-temperature deconstruction process for producing sugars and
reactive lignin. The project is well managed with clear and compelling milestones. Overall, the team is
making excellent progress with the DMR process. All milestones have been met or exceeded. It is also
great to see the team starting to investigate feedstock variability, which was a concern raised at the
previous review. In addition, the project is closely guided by TEA/LCA, as evidenced with the efforts to
reduce NaOH usage by replacing it with sodium carbonate and developing a two-stage process. There is
some concern regarding the use of microbial fuel cells for NaOH recovery. This project seems premature
and will likely require multiple technological advances before it can be utilized in an industrial process.
While it is great to see new technologies being explored, it is questionable whether this project provides
the best mechanism. In particular, it may be better to focus on DMR such as further developing a
continuous process. Lastly, it may help to provide more comparisons with existing deconstruction
processes. This will address concerns about impact.

o This project is improving the DMR process, which is a core biomass treatment process in the NREL
model cellulosic biorefinery. Their goal is to achieve 90% sugar yield during enzymatic hydrolysis after
DMR pretreatment using a new DMR-specific enzyme cocktail formulation at a loading of 10 mg
protein/g cellulose. The team reported achieving these milestones, and with these achievements
contributing to reducing the MFSP in the model cellulosic biorefinery. This is important progress. A
specific emphasis in the project has been the reduction in NaOH utilization, which is viewed as
improving the life cycle assessment of the DMR process. A promising approach was separating DMR
into two stages, with the first stage using Na>COs3 instead of NaOH, and the second stage using a lower
amount of NaOH. This was also achieved while maintaining the goals of 90% sugar yield and enzyme
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loading of 10 mg protein/g cellulose. This progress is impressive, although from the data provided it is
difficult to see how these improvements resulted in an MFSP reduction of almost $1 per gallon (i.e.,
$2.79 — $2.34 = $0.45 per gallon). A secondary approach to increase sugar yields from the DMR process
was the use of ozone to enhance delignification after milling. Although the team reports this approach is
effective at increasing sugar yields, it is likely that ozonation would reduce the quality of the lignin that
is recovered after fermentation (i.e., more cond