2.2 Convesion Platforms

The strategic goal of the conversion element isto develop technologiesfor converting
feedstocks into cost-competitive commodity liquid fuels, like ethanol, aswell as
bioproducts and biopower. The diversity of the biomass resource leads to the need to
develop multiple conversion technologies that can efficiently deal with the broad range
of feedstock physical and chemical characteristics. OBP In this section, the two primary
conversion platforms under investigation by OBP are described; the biochemical and
thermochemical conversion platforms. Within each platform there are many possible
variations, but the main differences are in the primary catalytic employed, and
the intermediate building blocks produced.

While the two platforms are described separately, it is at the combined use
of technologies from both conversion platforms offersth rtunity for
optimizing biomass conversion into avariety of di d energy
products. Not al biorefineries will be this com ears of the

industry, but some may have added complexi
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2.2.1 Biochemical Conversion Platform

The Biochemical platform isfocused on reducing the cost of converting lignocellulosic
biomass to mixed, dilute sugars and their further conversion to liquid fuels, like ethanol,
to enable successful integrated biorefineries. Biochemical conversion uses biocatalysts,
such as enzymes and microorganisms, in addition to heat and chemical catalyststo
convert the carbohydrate portion of the biomass (hemicellulose and cellulose) into an
intermediate sugar stream. The biomass sugars act as intermediate building blocks
which are then fermented to ethanol and other products. The remaining lignin portion of



the biomass can be used for heat and power, or aternatively used to produce additional
fuels and chemicals via thermochemical processing.

Biochemical platform R&D will make further improvements to feedstock interface,
pretreatment and conditioning, enzymes and fermentation processes, in addition to
process integration in order to reduce sugar costs; these economically viable technologies
will act as the springboard to launching the next generation of cellulosic ethanol
technology from a wide range of feedstocks.

Biochemical Platform Unit Operations
The conceptual block flow diagram in Figure 2.2-1 outlines the
operations of the baseline biochemical biomass-to-ethanol pr
available in the most recent design report.*
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re2.2-1. Biochemical Conver sion Route for Biomass to Biofuels

Pretreatmen 15): In this step, biomass feedstock undergoes a

break down the hemicellulose fraction of the feedstock into a
mixture of soluble f arbon sugars — xylose and arabinose, and soluble six-carbon
sugars — mannose, galactose, and glucose. This partial solubilization makes the
remaining solid cellulose fraction more accessible for enzyme saccharification later in the
process. A small portion of the cellulose is often converted to additional glucosein this
step, and a portion of the lignin fraction may also be solubilized. The specific mix of
sugars released depends on the feedstock used and pretreatment.

L “Lignocellulosic Biomass to Ethanol Process Design and Economics Utilizing Co-Current Dilute Acid
Prehydrolysis and Enzymatic Hydrolysis for Corn Stover,” NREL TP-510-32438, June 2002.



Conditioning (Optional): 1n some process configurations, the pretreated material goes
through a hydrolyzate conditioning process which removes undesirable byproducts from
the pretreatment process that are toxic to the fermenting organism.

Enzymatic Hydrolysis: In the enzymatic hydrolysis step, the pretreated material, with
the remaining solid carbohydrate fraction being primarily cellulose, is saccharified with
cellulase enzymes, releasing glucose. Addition of other enzymes, such as xylanases, in
this step may allow for less severe pretreatment, resulting in areduced overall
pretreatment and hydrolysis cost. Enzymatic hydrolysis requires several days, after
which the mixture of sugars and any unreacted cellulose is transferred to the fermenter.
The process concept under development assumes that the cellul
purchased from enzyme companies, like other consumable cat

sand chemicals. The
ermentation steps.

Fermentation: In the fermentation step, an inoculu organism is added
and fermentation of all sugars to ethanol is carried ' i utilize the
enzymes for further glucose production from ini [ fter afew
days of fermentation and continued saccharifi
converted to ethanol. The resulting beer (low-con

recovery.
Product Recovery: Product recovery istilli to separate the ethanol
from the water and residual solids. A fina de ati €s any remaining water
from the ethanol. Residual solids are composed g ily of lignin which can be burned
for combined heat and power. generation orithe ) Iy converted to synthesis gas

or pyrolysis oil inter
platform focus.

he Feedstock platform provides preprocessed feedstock
ition, quality, size, etc.) as defined by the specific

Thermochemical Platform Interface: Lignin and other byproducts/residues of the
biochemical conversion process can be used to produce the electricity required for the
production process. Lignin can also be thermochemically converted to fuels and
chemicals.

Biofuels Distribution Interface: The next step in the biomass-to-biofuels supply chainis
the biofuels distribution step. Biofuels leaving a biorefinery must meet all applicable
federal, state and local codes and standards.

2.2.2.1 Biochemical Platform Support of Program Strategic Goals



The Biochemical platform’s strategic goal is to develop technology for converting
lignocellulosic feedstocks into inexpensive sugar streams that can be used to produce
cost-competitive commodity fuels, like ethanol, as well as bioproducts.

The Biochemical platform directly addresses and supports production of sugars and fuels
in the Agricultural Residues Processing and the Energy Crops Processing pathways. It
also indirectly supports the production of bioproducts from both these pathways and any
pathway conversion where biochemical processing can be considered as an option.

2.2.1.2 Biochemical Platform Support of Program Per ance Goals

processing cost for dry corn stover to ethanol’w. lon (2007$s)in FY 2005
based on data at the bench scale.

The performance goals for the pathwa [ i e asfollows:

Agricultural R&eidues Pathway

. ed pretreat and enzymatic hydrolysis of
corn stover (dry al e

e M.46.3: By 2 imi egrated production of ethanol from corn-
stover-deri

Bt-A. Biomass Fractionation: Fractionation can be used to increase the value of the
individual components in biomass prior to their subsequent conversion to products.
Currently, the interactions between chemical, biological, solvation (ability to go into
solution), and mechanical processes to ultimately allow biomass to be more efficiently
fractionated at high yield into high-purity components is insufficiently understood to
implement commercially.

2 Estimated mature technology processing cost means that the capital and operating costs are assumed to be
for an “n™ plant” where several plants have been built and are operating successfully so that additional
costs for risk financing, longer startups, under performance, and other costs associated with pioneer plants
are not included.



Bt-B. Biomass Variability: The characteristics of biomass can vary widely in terms of
physical and chemical composition, size, shape, moisture content, and bulk density.
These variations can make it difficult (or costly) to supply biorefineries with feedstocks
of consistent, acceptable quality year-round, and also feedstock variability affects overall
conversion rate and product yield of biomass conversion processes.

Bt-C. Biomass Recalcitrance. Lignocellulosic biomass feedstocks are naturally resistant
to chemical and/or biological degradation. The fundamental role of biomass structure and
composition and the critical physical and chemical properties that determine the
susceptibility of cellulosic substrates to hydrolysis are not well understood. This lack of
understanding of the root causes of the recalcitrance of biomass limits the ability to focus
efforts to improve the cost-effectiveness and efficiency of pr ment and other
fractionation processes.

Bt-D. Pretreatment Chemistry. Thermochemical pr, i mass, typically

referred to as pretreatment, is required to break do

increase its susceptibility to subsequent enzym ymes. The
critical physical and chemical properties that ulosic
substrates to hydrolysis and the role that lignin an ment proddcts play in

impeding access to cellulose are not well enough un od. Continued significant cost

developing a better understanding of pre
kinetics of hemicellulose and cellulose

jies are not currently available, although significant progress
erted efforts with industrial enzyme producers.

Bt-G. Cellulase E 2 L oading. Reducing the cost of enzymatic hydrolysis depends
on identifying more gfficient enzyme preparations and enzyme hydrolysis regimes that
permit more cost-effective and lower ratios of enzyme to substrate to be used.

Bt-H. Enzyme Biochemistry. Currently available enzymes do not exhibit the high
thermostability and substantial resistance to sugar end-product inhibition. Developing
enzymes that enable low-cost enzymatic hydrolysis technology requires more
understanding of the fundamental mechanisms underlying the biochemistry of enzymatic
cellulose hydrolysis, including the impact of biomass structure on enzymeatic cellulose
decrystallization. Additional efforts aimed at understanding the role of cellulases and
their interaction not only with cellulose but also the process environment is needed to
affect further reductionsin cellul ase cost.



Bt-1. Cleanup/Separ ation. Sugar solutions resulting from thermochemical pretreatment
are impure, containing a mixture of sugars and a variety of non-sugar components.
Potential impurities include acetic acid liberated upon hydrolysis of hemicellulose,
lignin-derived phenolics solubilized during pretreatment, inorganic acids or alkalis or
other compounds introduced during pretreatment, various salts, and hexose and pentose
sugar degradation or transglycosylation products. The presence of some of the non-sugar
components can be inhibitory to microbial fermentation or biocatalysis or can poison
chemical catalysts. Low-cost purification technologies need to be devel oped that can
remove impurities from hydrolysates and provide concentrated, clean sugar feedstocks to
manufacture biofuels and biobased products.

Bt-J. Fuels Organism Development
Fermentation organisms used today have not been opti
fuels (ethanol, butanol and other acohols) from the sug
broth produced during biomass pretreatment and enzy
current organisms are not capable of utilizing theffive-carbon sugar co
and arabinose, in the biomass hydrolyzate as g ently as'glucose. In addi
impurities generated during pretreatment inhibit the Organismesulting in
fermentations and incomplete utilization of sugars; this€an |ead to the need for costly

purification. Improvements in fermeniative organisms to orm in hydrolysate broths
can significantly lower capital costs.

Bt-K. Biological Process Integration. %ﬁ tion remains a key technical
barrier hindering development and deploymenifor bio al conversion technologies.

Biochemical conversia pgies curre present karge scale-up risks because of
lack of high-qualit data on integkated processes carried out at the high

duction of liquid

solids conditions fequitee strial operations” The effect of feed and process
variations throughout the S be understood to ensure robust, efficient
biorefinerigs on Work sential for characterizing the complex

ny of the processing steps, identifying unrecognized
ettlenecks and knowledge gaps, and generating the
ecessary to devel op predictive mathematical models that
)N and scale-up.

Bt-L. Biochemit¢ hergmochemical Processing Integration. Integration of the entire
biorefinery isthefi pnversion barrier and overcoming it will require successful
integration at the interfaces between the biochemical and thermochemical processes. For
example, the lignin residue can be used as a feedstock for syngas or bio-oil production
and for subsequent conversion to combined heat and power, fuels, or chemicals. Without
planned and managed integration, the complete picture of biomass conversion to fuels
and chemicals will not be clear enough to attract potential developers because the risks of
commercialization will be too high for financiers. As conversion technologies mature,
higher levels of integration will be feasible and second generation biorefineries are
envisioned to be closely coupled biochemical/thermochemical facilities enabling the most
efficient use of awide range of feedstocks.



2.2.1.4 Biochemical Platform Approach for Overcoming Challenges and
Barriers

The approach for overcoming biomass conversion technical challenges and barriersis
outlined in the Biochemical platform’s work breakdown structure (WBS), as shown in
Figure 2.2-2. The platform has four key activities which are further broken down into
tasks. One of the mgjor organizationa goals within the platform isto better coordinate
and align tasks to make sure all R&D efforts are directed toward achieving the same
programmatic goal.

2 Biochemical
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Integration

2.4.1 Biomass
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2.4.2 Translational
Science

|| 2.3.2 Biochemical
Platform Analysis
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re robust fermentation organisms; and integrating
the Biochemical platform with upstream feedstock
5 and downstream thermochemical conversion processes.
es the key technical barriers, is performed by national
niversities. Relevance to industrial and commercial

sfer of technology will be ensured via stage gate reviews by
industry, partnering With industry as appropriate, and patenting and publishing the results.

Biochemical Platform WBS Task Areas

WBS 2.1 Feedstock-Biochemical Interface R& D

Establishing the value of and requirements for feedstock assembly processes to feed
bioconversion processes are necessary for the development of biorefineries. Linking
feedstock collection/transport processes with conversion processes allows evaluation of
technology options and trade-offs on both sides of the processing interface. Activities
will develop cost and quality specifications for feedstock assembly technologies that are



compatible with biochemical conversion technologies. The key technical target is to
maintain or even improve feedstock yield potential through targeted logistics operations
between the field or forest and the biorefinery.

WBS 2.2 Biochemical Intermediate Core R&D
Overcoming the barriers associated with high capital and operating cost and sub-optimal
sugar yields is key to developing an integrated pretreatment, enzymatic hydrolysis and
fermentation process. The investigation and evaluation of pretreatment approaches are
aimed at reducing the cost of pretreatment and increasing the enzymatic digestibility of
residual cellulose and hemicellulose in pretreated biomass. Fundamental research is
focused on improving existing fermentation organisms and improving understanding of
and developing advanced technologies to overcome the key r i
conversion of biomass to fermentable sugars. The key technpi€ahtargets involve achieving
high sugar and ethanol conversion rates and yields in th essing steps of
pretreatment, enzymatic hydrolysis and fermentation.

downstream synthesis identifies the issues and op,
biomass pretreatment, saccharification and ferment
efficiency and reduce cost. In addition, the effect of f

eps can improve overall
process variations
icient biorefineries. The
ndividual operations
loadings.

knowledge of biomass andibiological systems that can ultimately be used to develop new
or improved technologi€s that increase the conversion efficiency and/or reduce the
conversion cost. As feedstock prices increase with supply and demand, decreased
conversion costs will allow the industry to utilize awider range of feedstocks at varying

Costs.

Major activities for each of the above task areas are outlined in Table 2.2-1.

Table 2.2-1. Biochemical Platform Core R& D Task Summary

% “Breaking the Biological Barriersto Cellulosic Ethanol: A Joint Research Agenda,” DOE/SC-0095, June
2006.



WBS Element

Description

Barriers
Addressed

Pathway(s)
Addressed

2.1 Feedstock-Bioche

mical Platform Interface

2.1.1 Feedstock
Variability

Understanding feedstock variability and

options for mitigating impacts on downstream

processing

2007-2012

e Characterize/optimize lignocellulosic
biomass feedstocks

o Assess/mitigate impacts of biomass
characteristics on downstream unit
operations

o Determine process sensitivity to
differences in feedstock type and quality

o Identify required process modifications to
accommodate feedstock differences

2013-2017

e Design and manipulate plant cell wall
composition and structure to maximize
yield of fermentable sugars

Bt-B

4,5

2.1.2 Processing
Interface

Defining and coordinating the interface

between feedstock logistics and biochemical

conversion processes

2007-2012

e Evaluate technology options and trade-
offs with respect to feedstock assembly
and preprocessing processes with
biochemical conversion processes

e Validate feedstocks as received from
feedstock logistics systems at pilot scale

2013-2017

e Continue efforts with new or emerging
feedstocks

4,5

2.2 Biochemical Intermediate Core R&D

2.2.1 Pretreatment

Identifying cost-effective, feedstock-specific

pretreatment options with respect to

chemistry and reactor design

2007-2012

e Evaluate and compare lignocellulosic
biomass pretreatment options (chemistry,
reactor design and pretreatment process)
with respect to hemicellulose conversion,
cellulose digestibility and ethanol
production.

e Select and further develop most promising
pretreatment options

e Validate targeted performance in pilot-
scale pretreatment reactor systems

2013-2017

e Map structures and chemistries of native
and prehydrolyzed plant cell walls to better

understand cell wall deconstruction

Bt-D, Bt-E

4,5




2.2.2 Enzyme
Production and
Hydrolysis

Increasing fundamental understanding of

mechanics of enzymatic hydrolysis to improve

efficiency and performance of enzymes and

developing optimized enzymatic hydrolysis

processes

2007-2012

e Reduce cost of enzymes by developing
high-activity enzyme mixtures and low-cost
production processes

¢ Define optimum enzymatic hydrolysis
conditions/reactor design (for specific
feedstocks and process conditions) to
reduce enzyme utilization requirements

¢ Quantify effects of enzyme loading, strain
inoculation time and inoculum charge on
integrated hydrolysis/fermentation process
performance

o Validate targeted enzymatic hydrolysis
performance of pretreated biomass in
scalable system configuration

2013-2017

e Develop improved (engineered) enzymes
for advanced biochemical conversion
technologies

Bt-F, Bt-G,
Bt-H, Bt-I

4,5

2.2.3 Fermentation

Developing robust ethanol fermentation
organisms capable of converting all biomass
sugars to ethanol at high yields and rates
2007-2012
e Develop multi-sugar fermenting organisms
that can tolerate impurities in biomass
hydrolysate
¢ Validate targeted organism performance
on pretreated hydrolysate in scalable
system configuration
2013-2017
e Develop organism for single-step
processing that compares with commercial
fermentative organisms and enzymes (at
lab scale)

Bt-J

4,5

2.3 Biochemical Processing Integration Core R&D

2.3.1 Biochemical
Intermediate
Integration

Defining/coordinating/consolidating the

interfaces within biochemical conversion

platform

2007-2012

o Integrate pretreatment and enzymatic
hydrolysis with biomass sugar
fermentation to maximize cellulose
hydrolysis and sugar fermentation rates
and yields

¢ Validate targeted integrated process
performance in pilot-plant-scale system.

2013-2017

¢ Identify optimized pretreatment technology
for use with single-step biological
processing

4,5




2.3.2 Biochemical
Platform Analysis

Developing and employing conceptual
models to demonstrate the feasibility of
various process design concepts and identify
integration issues
2007-2012
e Prepare annual State of Technology
estimates to show progress to the 2012
performance target
o Develop conceptual process design and
mature technology cost estimates for other
feedstocks, including wet corn stover and
switchgrass, based on the dry corn stover
baseline model
¢ Validate 2012 performance target using
pilot plant data and baseline process
design and mature technology cost
estimate
2013-2017
e Complete conceptual design reports on
advanced conversion technology
configurations including significant process
consolidation (e.g. single step biological
processing)

2.4 Fundamentals and New Concepts

2.4.1 Biomass
Recalcitrance

2.4.2 Translational
Science

Determining the factors that contribute to

biomass recalcitrance and how best to

deconstruct plant cell walls

2007-2012

¢ Define the relationships between
pretreatment conditions and biomass
structural changes to selectively remove
sugars

o Determine how cellulase enzymes move
along cellulose chains

o Define how cellulases and other enzymes
interact with plant structure

¢ Investigate the basic mechanisms that will
provide the framework for next generation
deconstruction technologies

2013-2017

e Continue to investigate the basic
mechanisms of deconstructing plant cell
walls in the broad diversity of bioenergy
feedstocks

Developing and applying systems biology

methods for enhanced understanding of the

basic mechanisms in biomass conversion

2007-2017

o Develop systems biology methods for

strain improvement of enzyme producing
and fermentative microorganisms
2013-2017
e Apply systems biology methods to

Bt-K, Bt-L

Bt-A, Bt-C,
Bt-D, Bt-G,
Bt- H

Bt-J

4,56 ?

4,5,6

4,5,6




identify and improve enzyme producing
and fermentative microorganisms for use
with a wide range of feedstocks

General Plans Beyond 2017

Progress in understanding the scientific basis for biomass conversion, and figuring out
how to exploit that knowledge will play key rolesin the evolution of the Biochemical
Conversion platform. Beyond 2017, the identification of new conversion optionsis
expected to lead to a series of improved generations of technology,that will be devel oped,

demonstrated and ultimately deployed. Process consolidation i mon theme
envisioned in the future of biochemical conversion where ced technology will
combine several unit operations and improve the pretreat ation. Enzyme
production and fermentation will be combined in asingl [ ombining three

Biochemical platform has prioritized its R& D effo [ identified
technical barriers based on the analysis resultsillustr in Figure 2.2-3.* The figure
' can be obtained with
bioconversion technology developmen jon areas. OBP-funded

research and development are therefore

4 Corn Stover to Ethanol State of Technology and 2012 Targets, NREL Technical Memorandum, March
2007.
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and power production.

e technical performance targets that form the basis for the
conceptual biochemigal conversion systems designs and cost estimates in Figure 2.3-3 are
provided in Appendix B, Table B-4.°The targets are for the baseline ethanol concept
which includes dry corn stover conversion viadilute acid pretreatment, enzymatic
hydrolysis, ethanol fermentation and recovery, with lignin combustion for combined heat

2.2.1.5 Biochemical Platform Milestones and Decision Points

5 “Lignocellulosic Biomass to Ethanol Process Design and Economics Utilizing Co-Current Dilute Acid

Prehydrolysis and Enzymatic Hydrolysis for Corn Stover,” NREL/TP-510-32438, 2002.




The key Biochemical platform milestones, inputs/outputs and decision points to complete
the tasks described in section 2.2.1.4 are summarized in the chart in Figure 2.2-4.

Detailed tables of the milestones, inputs, outputs and decision points are provided in
Appendix C, Table C-2.

Figure 2.2-4. Biochemical Core R& D Gantt Chart







