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SYSTEM AND METHOD FOR ENHANCING BIOMASS CONVERSION
USING FLOW-THROUGH PRETREATMENT

RELATED APPLICATION
[0001]  This application claims priority of U. S. Provisional Application
No. 61/579,968 filed on December 23, 2011, the content of which is hereby
incorporated into this application by reference.

U.S. GOVERNMENT RIGHTS
[0002]  Thisinvention was made with government support under DE-
AC05-000R-22725 awarded by the Department of Energy. The government has

certain rights in the invention.
BACKGROUND

. Field of the Invention
[0003]  This disclosure relates to treatment of biomass with a flow-through

pretreatment process to enhance the conversion efficiency of biomass to biofuels.

. Description of the Related Art

[0004]  Fermentation derived fuels that come from plant biomass, including
but not limited to ethanol, can be used as a substitute fuel for gasoline. While
fermentation derived fuels are produced commercially today from the starch
contained in grains such as corn and grain sorghum or from sugar rich feedstocks such
as sugar cane or sugar beets, they can also be produced from lignocellulose, which is
typically comprised primarily of cellulose, hemicellulose, and lignin. Cellulose isthe
main component of plant cell walls and isthe most common organic compound on
earth followed by hemicellulose. Making ethanol or other fermentation derived fuels
from cellulose dramatically expands the types and amount of available material for
fuel production while aso providing a starting material with lower cost, and in many
cases superior environmenta performance, as compared to fermentation derived fuel
produced from other sources. Examples of cellulosic materials include corn stover
(stalks and leaves), rice straw, bagasse (residua fiberous stalks) from various plants,

wood chips, fast-growing trees, grasses and recycled paper products.
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[0005]  Because cellulosic feedstocks are more difficult to convert into
fermentable form than starch and sugar based feedstocks, the cellulosic biochemical
conversion process requires additional steps. First, biomass may be subjected to a
size reduction step to make it easier to handle and to make the ethanol production
process more efficient. For example, agricultural residues go through amilling
process and wood goes through a chipping process to decrease the particle size.

[0006]  After the size reduction step, the biomass may then be subject to a
pretreatment process. In this step, recalcitrant cellulosic fiber is converted into aform
that is accessible to cellulase enzymes and/or cellulolytic microorganisms. There are
adiversity of pretreatment processes described in the literature, and there is no
complete, unified understanding of why various pretreatment processes are effective.
In some but not al pretreatments, hemicellulose sugars are dissolved, yielding a
mixture of five-carbon sugars, pentose sugars such as xylose and arabinose, and
soluble six-carbon sugars, hexose sugars such as glucose, mannose and galactose, as
well as soluble oligomers consisting of these compounds. Removal or redistribution
of lignin (e.g. through dissolution and re-condensation) may also play arole.
Cellulose is typically not solubilized to a significant extent during pretreatment.

[0007]  Pretreated lignocellulose may be processed further to convert
soluble oligomers to their monomeric components although this step is not necessary
if either the pretreatment process produces primarily monomers or if the microbial
system used for fermentation is capable of utilizing oligomers. After lignocellulose is
pretreated to make lignocellulosic fiber accessible to cellulase enzymes and/or
cellulolytic microbes, it is processed biologically. Four biologically mediated
processes are involved: production of saccharolytic enzymes such as cellulases,
solubilization of fiber into its component sugars as aresult of the action of
saccharolytic enzymes, fermentation of six-carbon sugars, and fermentation of five-
carbon sugars. These processes may be combined and consolidated to varying
degrees. When the four processing events are carried out in separate vessels, the
biological processing is called separate hydrolysis and fermentation (SHF).
Combining solubilization and hexose fermentation with separate steps for enzyme
production and pentose fermentation is called simultaneous saccharification and

fermentation (SSF). Combining solubilization with fermentation of both hexose and
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pentose sugars with a separate step for enzyme production isreferred to as
simultaneous saccharification and cofermentation (SSCF). Combining al four
biological processing eventsis called consolidated bioprocessing (CBP).

[0008]  Yeast or bacteria may be employed in the fermentation processes to
convert the sugars into ethanol or other fermentation derived fuels. Following
fermentation, the ethanol or other fermentation derived fuel produced is separated
from water by distillation or other separation processes.

[0009]  Other components of the processed biomass also have utility.
Lignin and other byproducts of the biomass conversion process can be used to
produce other products, and lignin-rich process residues can be used to generate
electricity and thermal energy via processes based on either combustion or
gasification.

[00010] Various biomass pretreatment technologies have been devel oped.
Examples of these developments include use of dilute acids or bases, steam explosion,
autohydrolysis, controlled pH, ammonia fiber expansion (AFEX), and other agueous
ammonia pretreatment. Flow-through pretreatment, in which the liquid has a shorter
residence time in the pretreatment reactor than the solids, has also been described in
the literature, and performance advantages such as making fiber more reactive to
enzymatic attack and increased recovery of sugars without degradation have been
noted. However, the conversion of cellulose to ethanol using flow-through
pretreatment has been regarded as impractical due to high energy requirements and

high dilution of extracted sugars.

SUMMARY

[00011] The presently disclosed instrumentalities advance the art by
providing a system and methods for pretreating biomass to enhance the conversion
rate and efficiency from subsequent processing of biomass to biofuels using microbial
and/or enzymatic processing. Flow-through pretreatment is distinguished from all
other pretreatment configurations because the liquid phase has a shorter residence
time in the reactor than does the solid phase. 1n one embodiment, the biomass may be
held inside a pretreatment vessel. A high-temperature liquid (also referred to as
"inflow™") may be allowed to pass through the biomass (or feedstock) to generate a
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flow-through mixture that exits the biomass (also referred to as "effluent”). In one
aspect, the inflow may be pre-mixed with the biomass before entering the vessel. As
the heated liquid passes through the biomass, the biomass and the inflow may be
incubated for aperiod of time. In one aspect, the temperature of the incubation is at
least 100°C, at least 120°C, or about 210-220°C.

[0010] Disclosed herein are methods and a system in which the wash water
(i.eliquid phase) isrecycled such that dilution is not excessive. In another
embodiment, energy use is controlled. In one aspect, wash water is heated and cooled
in acounter-current fashion. In another aspect, wash water is evaporated prior to
fermentation to generate steam for distillation downstream. In one embodiment, the
steam is not used for indirect "heating" during a distillation process via areboiler, but
rather for counter-current stripping and rectification of fermentation broth containing
ethanol or some other volatile product via direct injection to the distillation column.

[0011]  Counter-current embodiments (liquid flows one way, solids flow the
other) are particularly advantageous in the methods disclosed herein. Steam may be
added to heat the water, either in the reactor or outside the reactor. In another aspect,
the solids are in contact with water. Liquids other than water may also be used.

[0012]  In another embodiment, liquid-solid contact may be continuous.
The solids are washed with inflow, whether added continuously or discontinuously.
Flash vapor may be used to preheat the feed to the pretreatment vessel.

[0013]  In one embodiment, the biomass that has been pretreated with hot
liquid may be delivered into awash vessel wherein the pretreated biomass is further
washed and extracted by additional hot liquid, such as hot water. The wash vessel
may have an outlet that allows hot wash to exit the wash vessel.

[0014]  Inanother aspect, the pretreatment vessel isbuilt such that it may
function as both avessel for pretreatment and avessel for hot wash. For purposes of
this disclosure, the term "pretreatment vessel” may refer to such avessel that can be
used for both pretreatment and wash (sometimes referred to as "pretreatment/wash
vessel," or it may refer to the pretreatment vessel that is separate from awash vessel.
Similarly, the term "effluent” may refer to flow-through wash exiting either the
pretreatment/wash vessel or the wash vessel. The pretreatment/wash vessel may
contain an outlet that allows hot wash to exit the pretreatment/wash vessel.
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[0015]  Theliquid or steam to be used for pretreatment/wash may be water
or other fluids such as a solution.

[0016]  In one embodiment, the effluent from the wash vessel or the
pretrestment/wash vessel may contain one or more components of the biomass that
have been solubilized or extracted from the biomass by the liquid. The first effluent
may be guided through aheat exchanger, wherein at least aportion of the heat from
the first effluent is transferred to a new incoming wash.

[0017]  Inanother embodiment, a method for concentrating the effluent and
for recycling heat in the process is disclosed. The effluent may be directed to an
evaporator where at least one solvent in the effluent may be allowed to evaporate to
obtain afirst effluent concentrate and an evaporating steam.

[0018]  In one embodiment, solids are washed with inflow added
continuously or discontinuously. After the wash has been performed, the biomass
may exit the pretreatment/wash vessel or wash vessel. Flash vapor released from the
pretreatment/wash vessel or wash vessel may be used to preheat the feed to the
pretrestment vessel. The biomass obtained after washing may be mixed with al
effluent concentrates to form areaction mixture that may be further subjected to
hydrolysis and fermentation processes to generate alcohol or other products.

[0019]  The steam generated during the evaporation step may be used for
counter-current stripping and rectification of fermentation broth containing ethanol or
other volatile products.

[0020]  In one aspect, amethod of processing cellulosic biomass into
ethanol is disclosed wherein the amount of energy put into the process is less than the
sum of the energy value of the ethanol created from the conversion of both liquid and
solid process residues derived from the cellulosic biomass.

[0021]  Inanother aspect, amethod for processing cellulosic biomass into
ethanol is disclosed whereby the amount of energy put into the process is less than
about 47% of the heating value of the cellulosic biomass.

[0022] In another aspect, the cooled and pretreated cellulosic biomass is
mixed with one or more effluent concentrates, and the mixture is subject to
hydrolyzing and fermenting enzymes and/or organisms. In another aspect, about 4%

to about 6% ethanol by volume is produced in the fermentation reactor. In another
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step, the combination is separated into liquids and solids and then the liquids are
distilled into adistillate having about 95% ethanol by volume.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023]  Figure lisaflow chart of flow-through pretreatment showing
major components of the pretreatment system.

[0024]  Figure 2isaplot showing distillation feed ethanol concentration as
afunction of wash water usage with and without evaporation of wash water effluent.
[0025]  Figure 3isaplot showing process energy requirements as a

function of the extent of washing.

[0026]  Figure 4 shows comparison of SSF Conversion for flow-through
(FT) and batch pretreated poplar and bagasse.

[0027]  Figure 5 shows temperature-time contour plots on xylan
solubilization and recovery for flow-through pretreated poplar.

[0028]  Figure 6is atemperature-time contour plot on glucan conversion by
SSF for flow-through pretreated poplar.

[0029]  Figure 7 shows the extraction sugars, acetyl, and pH profiles during
FT pretreatment with increasing temperature.

[0030]  Figure 8 shows the extraction organic carbon profile during FT
pretreatment with increasing temperature.

[0031]  Figure 9 shows comparison of the conversion of FT pretreated
poplar by SSF and c. thermocellum with or without post-pretreatment particle size
reduction.

[0032]  Figure 10 shows comparison of SSF conversion for various flow-
through pretreated feedstocks.

[0033]  Figure 11 shows comparison of SSF conversion for poplar and
bagasse after conventional (batch), FT, and partial FT (batch with wash)
pretreatments.

DETAILED DESCRIPTION
[0034]  The present disclosure provides systems and methods for
pretreating biomass using a high temperature flow-through and an evaporation

process to provide an improved separation of biomass components, improved
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hemicellulose recovery, and improved cellulose digestibility. Asused herein, "flow-
through" refers to aprocess wherein aliquid is added to or mixed with a solid or a
semi-solid material and isincubated with the material for aperiod of time before
leaving the solid or semi-solid material. During the course of the flow-through, the
liquid may solubilize, extract or otherwise bring along certain components of the
biomass. Flow-through pretreatment is distinguished from all other pretreatment
configurations because the liquid phase has a shorter residence time in the reactor
than does the solid phase. Methods for reducing energy consumption and for
effectively extracting usable sugar substrate from biomass are disclosed.

[0035] Theterm "biomass' generally refers to non-fossilized renewable
materials that are derived from or produced by living organisms. For purpose of this
disclosure, biomass may include animal biomass, plant biomass, human waste, and
recycled materials, among others. Examples of animal biomass may include animal
by-product and animal waste, etc. Plant biomass may be any plant-derived matter
(woody or non-woody) that is available on a sustainable basis. Plant biomass may
include, but is not limited to, agricultural crop wastes and residues such as corn
stover, wheat straw, rice straw, sugar cane bagasse and the like, grass crops, such as
switchgrass and the like. Plant biomass may further include, but is not limited to,
woody energy crops, wood wastes and residues such as trees, softwood forest
thinnings, barky wastes, sawdust, paper and pulp industry residues or waste streams,
wood fiber, and the like. In urban areas, plant biomass may include yard waste, such
as grass clippings, leaves, tree clippings, brush, etc., vegetable processing waste, as
well asrecycled cardboard and paper products.

[0036] Theterms "vessal" refers to acontainer that holds the biomass and
one or more other reactants, wash, or enzymes, among others.

[0037]  In one embodiment, the energy penalty of flow-through
pretreatment may be decreased by using a counter-current heat exchange. More
specifically, the heat from the pretreatment wash water that exits the biomass (also
called "effluent") may be transferred to incoming wash water (also called "inflow")
that is about to enter the biomass. In one aspect, the dilution penalty resulting from
the use of alarge volume of wash water may be minimized by evaporating the

effluent prior to hydrolysis and fermentation. In one embodiment, the evaporation
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process employs aheating step to evaporate one or more solvent (e.g., water) from the
effluent. The steam that is generated from such heating may be used for counter-
current stripping and rectification of fermentation broth containing ethanol or other
volatile products. Furthermore, evaporation viathe heating step may also partially or
completely remove volatile compounds from the liquid phase that are potentially
inhibitory to downstream hydrolysis and/or fermentation. Examples of such volatile
compounds may include by are not limited to furfural, phenol, among others.

[0038]  For purpose of illustration only, Fig. 1 shows the flow of material
and energy in the disclosed system 100. Feedstock (or biomass) 110 isloaded into a
pretreatment vessel 120. Vessel 120 has at least one inlet and at least one outlet. In
one embodiment, vessel 120 has two inlets. Inlet 122 allows the loading of feedstock
110. Inlet 124 alows liquid 130 to enter into vessel 120. In one embodiment,
feedstock 110 isloaded into vessel 120 before liquid 130 isinjected into vessel 120.
In another embodiment, liquid 130 may be pre-mixed with the feedstock 110 and
loaded into the vessel 120 together. Liquid 130 isincubated with feedstock 110
inside the vessel 120 for aperiod of time such that one or more components of
feedstock 110 may be solubilized or extracted by the liquid 130. In one embodiment,
the incubation takes place while liquid 130 passes through feedstock 110 inside vessel
120. Note that the liquid 130 may be steam or water.

[0039] In one embodiment, the mixture of liquid 130 and feedstock 110 has
atemperature of at least 100 °C, or at least 120 °C, or about 210-220 °C.

[004Q] In one embodiment, pretreatment vessel 120 has one outlet 132.
Pretreated feedstock and the hot liquid exit vessel 120 through outlet 132 and enter
into awash vessel 140. In another embodiment, pretreatment vessel 120 and wash
vessel 140 are built as one vessel 150. 1n one aspect, vessel 140 or 150 has two
outlets. Outlet 154 allows the hot wash liquid to exit vessel 140 or 150 as effluent
156. Ouitlet 158 allows the pretreated and washed feedstock 160 to leave vessel 140
or 150. In one aspect, flash vapor 164 from feedstock 160 is used to preheat
feedstock 110 before it enters pretreatment vessel 120. |n another aspect, effluent 156
enters aheat exchanger 166 through plumbing and has adirection of flow-through the
plumbing within heat exchanger 166. Incoming wash 170 enters heat exchanger 166

through different plumbing in aflow direction opposite to effluent 156 flow such that
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aportion of the heat from effluent 156 istransferred to inflow 170. Inflow 170 enters
into vessel 140 or 150 through inlet 174. Hot steam 176 may also be mixed with
inflow 170 either inside or outside vessel 140 or 150 and then liquid inflow 170 enters
through inlet 174.

[0041]  In one embodiment, after passing through heat exchanger 166,
effluent 156 is directed to an evaporator 178, where effluent 156 is heated to allow
solvent to evaporate. In one aspect, the steam from the evaporating solvent may be
used for counter-current stripping and rectification of fermentation broth containing
ethanol or some other volatile product.

[0042] In another embodiment, the concentrated effluent 182 leaving
evaporator 178 is combined with the pretreated and washed feedstock 160 and are
both subject to CBP processes.

[0043]  In comparison to previous methods, the evaporation process
disclosed herein considerably increases the amount of washing that can be employed
within the energetic constraints imposed by dilution. Thus, the fermentable sugars
from the biomass are obtained with higher concentration through pretreatment
processes and the overall energy put into the system is less then using previous
methods.

[0044] Fig. 2 examines the dilution constraint to flow-through
pretreatment. In atypica CBP process, which features combining the pretreatment
wash water with pretreated solids prior to fermentation, increased washing is
accompanied by decreased ethanol titer. For example, given the hydrolysis and
fermentation yields assumed here, the amount of washing compatible with a5 wt.%
ethanol titer is 4.3 kg water/kg dry solids. By comparison, when the presently
disclosed evaporation process isincorporated into the process, the amount of washing
compatible with a5 wt.% ethanol titer is 7 kg/kg dry solids. Taking into account the
economic optimum, the ethanol titer could be less than 5 wt.% ethanol. At 4 wt.%
ethanol, for example, the allowable amount of washing becomes about 5.5 kg
water/kg dry solids without the evaporation strategy and about 9 kg water/kg solids
with the evaporation process.

[0045]  Fig. 3 examines the process energy required for various purposes as

afunction of the extent of washing. The horizontal axis isthe same asthat of Fig. 2.
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Results are expressed as afraction of the feedstock heating value. The energy content
of the liquid and solid process residues is about 47% of the heating value of the
feedstock. Having process energy requirements higher than this value of energy
would be problematic because the process would not be considered self-sufficient as
far asenergy is concerned. Processes for obtaining liquid, energetic fuels that require
more energy than 47% of the heating value of the feedstock are not self-sufficient
because they require more energy than they deliver. Such a non-self-sufficient
process would have negative impacts on both economics and greenhouse gas
emissions. Having process energy substantially less than that available in the
feedstock is advantageous because the unused feedstock energy can be used to
produce electricity or other revenue generating co-products.

[0046]  The evaporation strategy disclosed herein decreases the amount of
process energy required at a given extent of washing compared to the situation
without implementing this strategy. This makes the benefits of flow-through
pretreatment easier to realize by lowering the cost for agiven extent of washing.

[0047]  More washing may result in more solubilization/extraction of
cellulose and hemicellulose and therefore, more ethanol may be produced. 1n one
embodiment, the present method may generate more ethanol per unit of energy input
into the system. In one aspect, this advantage may be achieved primarily through two
heat recycling steps. Thefirst step is through using a counter-current heat exchanger
in which the heat from the post wash flow-through, namely, the effluent, is transferred
to an incoming wash. The incoming wash then enters into the wash vessel and
requires less heat input into the system to raise the wash to the temperature necessary
for effective pretreatment. In another aspect, the now cooler effluent that just
exchanged some of its heat with the incoming wash isthen fed into an evaporator
wherein the water evaporates forming a more concentrated wash (effluent) and a
vapor. In another aspect, heating may be used in the evaporator to facilitate the
evaporation. The concentrated wash may be fed into the consolidated bioprocessing
(CBP) vessel where the solubilized cellulose and hemicellulose are hydrolyzed into
their constituent sugars and then fermented into ethanal.

[0048]  In another embodiment, the disclosed methods may provide higher

solid reactivity because lignin and hemicellulose derivatives have much higher
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solubility at pretreatment temperatures than at lower temperatures such as about 100
°C. In another aspect, by removing lignin and hemicellulose derivatives during
pretreatment and wash, the disclosed methods help prevent the removed compounds
from re-condensing on the surface of cellulose. Thus, the disclosed methods may
increase access of enzymes to the substrate and may decrease non-productive
cellulase binding.

[0049]  In another embodiment, the disclosed methods may lead to less
degradation of hemicellulose derivatives because the pretreatment can be quite
effective at relatively mild conditions. The pretreatment is effective at milder
conditions because under flow-through conditions, the fluid residence time isless than
the solid residence time. Therefore, less time is available for degradation of dissolved
compounds to take place.

[0050]  In another embodiment, the biomass may be fractionated into
various biomass components. These various biomass components may be solubilized
at different temperatures and be recovered in different liquid fractions. Thus, the
disclosed methods may allow selective capturing of biomass components, or selective
exclusion of inhibitors or other unwanted products from subsequent processes. For
instance, solubilized lignin may be used to for creating carbon fiber that is useful in
the manufacturing of composite structures.

[0051] In another embodiment, according to the disclosed methods, less
inhibition of hydrolyzing and fermenting enzymes and organisms may occur due to
the milder pretreatment conditions. Under the milder pretreatment conditions, less
inhibitors may form during the pretreatment process. Moreover, inhibitors may be
separated by the fractionation of the wash.

[0052]  Inanother embodiment, inhibitors present in the washate that are
suitably volatile may be removed from the liquid phase via the evaporation step prior
to downstream hydrolysis and/or fermentation.

[0053]  For purpose of this disclosure, the term "flow-through” means a
process wherein afluid enters into a container that contains abiomass and the fluid is
in contact with the biomass and then is removed through an outlet in acontinuous
manner. "Batch process' refers to aprocess having more than one step, wherein each

step takes place in adiscontinuous manner.

11
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[0054] A counter-current heat exchanger refers to a device containing at
least two pipes running parallel with respect to each other and are encased in a
conductive material. The pipes contain liquids, gasses or other fluidics that have
flows and/or temperature gradients that are opposite with respect to the other pipe.
The pipe material isaso conductive such that heat is exchanged from the liquid
and/or gas in one pipe to the liquid and/or gas in the other.

[0055]  Evaporator/Condenser: An evaporator/condenser is adevice
whereby the vapor phase of aliquid condenses and the heat from the condensing of
the vapor is exchanged to an outside receiver.

[0056]  Theterm "process energy” refers to the entire amount of energy that
is put into the process that converts cellulosic biomass into ethanol. Heating value
refers to the amount of heat that is generated through burning the cellulosic biomass.

[0057]  Theterm "liquid process residue” isthe fermentable carbon sources
that are extracted into the wash.

[0058]  Theterm "solid process residue” isthe fermentable carbon sources

from the cellulosic biomass that remain solid after being pretreated and washed.

EXAMPLES
[0059]  The following examples are provided for purpose of illustrating the

instant disclosure and are not limiting.

Example 1  SSF Conversion of Flow-through (FT) and Batch Pretreated
Poplar and Bagasse

[0060]  Both poplar and bagasse were pretreated using a FT or batch mode
before being subjected to SSF process to generate ethanol. Fig. 4 shows the
percentage of 4-day glucan conversion by SSF for poplar and sugarcane bagasse after
FT or batch pretreatment. Asshown in Fig. 4, the solids from the FT pretreatment
have much higher reactivity relative to the conventional batch control, which is

representative of continuous pretreatment without flow-through.

Example 2  FT Pretreatment and Hemicellulose Recovery
[0061]  To examine the effect of high temperature pretreatment and wash

on the recovery and degradation of hemicellulose, solubilization and recovery of

12
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xylan was analyzed using temperature-time contour plots. Fig. 5 shows that FT
pretreatment achieves high solids reactivity with little or no degradation of
hemicellulose sugars, such asxylan. Recovery and conversion of glucan were
analyzed under different temperatures and for different durations of pretreatment.
Fig. 6isatemperature-time contour plot showing that FT pretreatment achieves high

solids reactivity with little or no degradation of glucan.

Example3  Sugar Extraction Profile During FT Pretreatment

[0062]  Fig. 7 shows the extraction profile during FT pretreatment with
increasing temperature. The concentration of various sugars, acetic acid, and the pH
are shown. Fig. 8 shows the organic carbon profile of the extracted during FT
pretreatment with increasing temperature. Asshown in Fig. 7 and Fig. 8, extractive
components (carbohydrates, acetyl groups, and non-carbohydrate extractives) become
soluble at defined temperature windows that are lower than the highest pretreatment
temperature.

[0063] Various operating strategies may be designed involving
temperature-staged pretreatment in order to minimize inhibitor formation or separate
inhibitors from useful substances. Different temperature profiles may be used to
maximize the capture value. For example, soluble lignin components may be
recovered for making carbon fiber that can be used to manufacture composites.
Different sugar or non-sugar extractives are solubilized/extracted at different
temperatures. Thus, the disclosed FT pretreatment process may be used to fractionate

different sugars or extractives based on their different extraction profiles.

Example4  Conversion of FT-Pretreated Poplar by SSF and C. thermocellum
with and without Post-Pretreatment Particle Size Reduction

[0064] Asshownin Fig. 9, C. thermocellum showed much faster
conversion of FT pretreated solids (e.g. 4 to 5fold) as compared to SSF at the tested
cellulase loadings. Particle size reduction is more effective to increase C.
thermocellum conversion than to increase SSF conversion. In comparison to
recombinant yeasts, C. thermocellum exhibits superior cellulose hydrolyzing

capability and is also cheaper to use. However, in order to incorporate the faster
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conversion capability of C. thermocellum into commercial processes, a much higher

solids concentration is required.

Example5  SSF Conversion of Various FT-Pretreated Feedstocks.

[0065]  SSF Conversions of various FT-pretreated feedstocks are compared
inFig. 10. Fig. 10 shows that different feedstocks exhibit different reactivity to
pretreatment under controlled conditions. In this case, poplar was shown to be less
reactive than severa herbaceous feedstocks. The difference between the reactivity of
poplar and herbaceous feedstocks might have been underestimated by these data
because the cellulase loading was very high and the extent of particle size reduction

carried out for poplar was greater than the other feedstocks.

Example6  SSF Conversion of Poplar and Bagasse after Batch, FT, and
Partial FT Pretreatment.

[0066]  Fig. 11 shows the results of a study calibrating FT pretreatment as a
function of the extent of washing employed. High washing (30 kg water/kg dry
solids), moderate washing (5 kg/kg dry solids), and no washing (batch control) were
all used and their relative conversions are compared in Fig. 11. Conversion with
moderate washing is as effective as high washing for poplar, and amost as effective
for bagasse. It is noteworthy that the extraction efficiency in these studies was not
optimized at agiven level of washing. The level of washing for moderate washing
falls within the feasible region as defined by the energy and dilution constraints
depicted in Figs. 2 and 3.
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CLAIMS
Weclam:

1. A method for improving the pretreatment of biomass, said method

comprising the steps of:

(@ mixing an amount of biomass with afirst inflow, wherein said first inflow
isaliquid,

(b) obtaining afirst effluent after said first inflow passes through said
biomass,

(c) alowing said first effluent to pass through aheat exchanger, wherein at
least aportion of heat from said first effluent is transferred to a second
inflow, wherein said second inflow isaliquid,

(d) mixing said second inflow with said biomass, said biomass having been in
contact with said first inflow, and

(e) allowing asolvent in said first effluent to evaporate to obtain afirst
effluent concentrate and an evaporating steam,

wherein said step (c) precedes step (d).

2. The method of claim 1, wherein said step (a) of mixing takes place in a
vessel.

3. The method of claim 1, further comprising a step (g) of incubating said
biomass and said first inflow at atemperature of at least 100°C, wherein said step (a)
precedes step (g), and said step (g) precedes step (b).

4, The method of claim 3, wherein said biomass and said first inflow is

incubated in step (g) at atemperature of at least 120°C.

5. The method of claim 3, wherein said biomass and said first inflow is

incubated in step (g) at atemperature of about 210°C.

6. The method of claim 2, wherein said steps (b)-(e) are repeated for m

cycles, m being an integer between 1-50.
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7. The method of claim 6, further comprising a step of obtaining said
biomass from said vessel after steps (b)-(€) have been repeated for m cycles.

8. The method of claim 7, wherein the biomass obtained after m cyclesis
mixed with al effluent concentrates collected in each cycle of the m cycles to form a

reaction mixture.

9. The method of claim 8, wherein said reaction mixture isfurther

subjected to ahydrolysis and fermentation process to generate al cohol.

10. The method of claim 1, wherein said evaporating steam is used for

counter-current stripping and rectification of afermentation broth containing ethanol.

11.  The method of claim 6, wherein said inflow for al mcyclesis

agueous.
12. The method of claim 6, wherein said solvent in step (e) is water.

13. The method of claim 2, wherein flash vapor released from said vessel
is used to preheat abiomass feed to apretreatment vessel.

14. A method for improving the pretreatment of biomass, said method
comprising the steps of:

(@ mixing an amount of biomass with an Nth inflow, wherein said Nth inflow
isaliquid, N being an integer between 1 and 50,

(b) obtaining a Nth effluent after said Nth inflow passes through said biomass,

(c) alowing said Nth effluent to pass through a heat exchanger, wherein at
least aportion of heat from said Nth effluent is transferred to a Qth
inflow, wherein said Qth inflow is aliquid, Q being an integer between 2
and 51, and Q=N+1.

(d) mixing said Qth inflow with said biomass, said biomass having been in
contact with said Nth inflow, and

(e) alowing a solvent in said Nth effluent to evaporate to obtain a Nth effluent

concentrate and an evaporating steam,
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wherein said step (c) precedes step (d), and said steps (a)-(e) are repeated for
1-50 cycles.

15. A system for pretreating biomass, said system comprising:

(@) apretreatment vessel for holding said biomass, said pretreatment vessel
comprising an inlet and an outlet, wherein said inlet alows for an inflow
to enter into said pretreatment vessel, and said outlet allows for an
effluent to exit said pretreatment vessel,

(b) an evaporator for holding said effluent, said evaporator being connected to
said pretreatment vessel, and

(c) aheating means for heating said effluent and allowing at least one solvent
in said effluent to evaporate from said effluent, thereby forming an
effluent concentrate and an evaporating steam containing said at least one

solvent.

16. The system of claim 15, further comprising aheat exchanger
positioned between said pretreatment vessel and said evaporator, wherein at least a
portion of heat from said effluent is transferred to a second inflow through said heat

exchanger.

17. The system of claim 15, wherein said pretreatment vessel further
comprises a second outlet, said second outlet allowing for the exit of pretreated

biomass from said pretreatment vessel.

18. The system of claim 17, further comprising areaction vessel wherein
said pretreated biomass is subject to ahydrolysis and fermentation process to generate
alcohol.

19. The system of claim 18, further comprising a conveying means for

transporting said effluent concentrate from said evaporator to said reaction vessel.

20. The system of claim 15, further comprising a second conveying means

for transporting said evaporating steam to adistillation process.

17
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21. A method for obtaining ethanol from a cellulosic biomass wherein the
process energy for obtaining said ethanol isless than 47% of the heating value of said
cellulosic biomass, said method comprising

pretreatment of said cellulosic biomass in areaction vessel with aflow-

through input wash, and

wherein effluent output from said reaction vessel comprises treated cellulosic

biomass, and

wherein said treated cellulosic biomass effluent exchanges heat in aheat

exchanger with aflow-through input wash, and

wherein said effluent is evaporated to produce steam, and

wherein said steam is used for counter-current stripping of afermentation

broth containing ethanol.
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