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(57) ABSTRACT

A low-cost process is provided to render lignocellulosic bio-
mass accessible to cellulase enzymes, to produce fermentable
sugars. Some variations provide a process to produce ethanol
from lignocellulosic biomass (such as sugarcane bagasse or
corn stover), comprising introducing a lignocellulosic biom-
ass feedstock to a single-stage digestor; exposing the feed-
stock to a reaction solution comprising steam or liquid hot
water within the digestor, to solubilize the hemicellulose in a
liquid phase and to provide a cellulose-rich solid phase; refin-
ing the cellulose-rich solid phase, together with the liquid
phase, in a mechanical refiner, thereby providing a mixture of
refined cellulose-rich solids and the liquid phase; enzymati-
cally hydrolyzing the mixture in a hydrolysis reactor with
cellulase enzymes, to generate fermentable sugars; and fer-
menting the fermentable sugars to produce ethanol. Many
alternative process configurations are described. The dis-
closed processes may be employed for other fermentation
products.
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HYDROTHERMAL-MECHANICAL
CONVERSION OF LIGNOCELLULOSIC
BIOMASS TO ETHANOL OR OTHER
FERMENTATION PRODUCTS

PRIORITY DATA

[0001] This patent application is a non-provisional appli-
cation claiming priority to U.S. Provisional Patent App. No.
62/118,335, filed Feb. 19, 2015; U.S. Provisional Patent App.
No. 62/141,664, filed Apr. 1, 2015; U.S. Provisional Patent
App. No. 62/150,643, filed Apr. 21, 2015; U.S. Provisional
Patent App. No. 62/197,160, filed Jul. 27, 2015; U.S. Provi-
sional Patent App. No. 62/240,461, filed Oct. 12, 2015; U.S.
Provisional Patent App. No. 62/263,292, filed Dec. 4, 2015;
and U.S. Provisional Patent App. No. 62/267,533, filed Dec.
15,2015, which are hereby incorporated by reference herein.

FIELD OF THE INVENTION

[0002] The present invention generally relates to processes
for preparing fermentable sugars and fermentation products
from lignocellulosic biomass.

BACKGROUND OF THE INVENTION

[0003] Lignocellulosic biomass is the most abundant
renewable material on the planet and has long been recog-
nized as a potential feedstock for producing chemicals, fuels,
and materials. Lignocellulosic biomass normally comprises
primarily cellulose, hemicellulose, and lignin. Cellulose and
hemicellulose are natural polymers of sugars, and lignin is an
aromatic/aliphatic hydrocarbon polymer reinforcing the
entire biomass network.

[0004] Biomass refining (or biorefining) has become preva-
lent in the world’s economy. Cellulose fibers and sugars,
hemicellulose sugars, lignin, syngas, and derivatives of these
intermediates are being utilized for chemical and fuel produc-
tion. Integrated biorefineries are capable of processing
incoming biomass much the same as petroleum refineries
now process crude oil. Underutilized lignocellulosic biomass
feedstocks have the potential to be much cheaper than petro-
leum, on a carbon basis, as well as much better from an
environmental life-cycle standpoint. Over the past few years,
several commercial-scale biorefineries have been con-
structed, designed to convert lignocellulosic biomass such as
corn stover, wheat straw, and sugarcane bagasse or straw into
so-called second-generation ethanol.

[0005] However, there remains a need for improved con-
version technologies to produce second-generation ethanol.
What is needed is a low-cost, practical approach to render
lignocellulosic biomass easily accessible to cellulase
enzymes, to produce fermentable sugars.

SUMMARY OF THE INVENTION

[0006] The present invention addresses the aforementioned
needs in the art. Some variations of the invention are known as
GreenPower3+™ technology or GP3+™ technology, com-
monly assigned with the assignee of this patent application.
[0007] Some variations provide a process to produce a fer-
mentation product (e.g., ethanol) from lignocellulosic biom-
ass, the process comprising:

[0008] (a) introducing a lignocellulosic biomass feedstock
to a single-stage digestor, wherein the feedstock contains
cellulose, hemicellulose, and lignin;
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[0009] (b) exposing the feedstock to a reaction solution
comprising steam or liquid hot water within the digestor, to
solubilize at least a portion of the hemicellulose in a liquid
phase and to provide a cellulose-rich solid phase;

[0010] (c) refining the cellulose-rich solid phase, together
with the liquid phase, in a mechanical refiner to reduce aver-
age particle size of the cellulose-rich solid phase, thereby
providing a mixture comprising refined cellulose-rich solids
and the liquid phase;

[0011] (d) enzymatically hydrolyzing the mixture in a
hydrolysis reactor with cellulase enzymes, to generate fer-
mentable sugars from the mixture, wherein the hydrolysis
reactor includes one or more hydrolysis stages; and

[0012] (e)fermenting at least some of the fermentable sug-
ars in a fermentor to produce a fermentation product.

[0013] In some embodiments, the lignocellulosic biomass
feedstock s selected from the group consisting of hardwoods,
softwoods, sugarcane bagasse, sugarcane straw, energy cane,
corn stover, corn cobs, corn fiber, and combinations thereof.
[0014] The lignocellulosic biomass feedstock may be pre-
treated, prior to step (a), using one or more techniques
selected from the group consisting of cleaning, washing,
presteaming, drying, milling, particle size-classifying, and
combinations thereof.

[0015] In some embodiments, the reaction solution further
comprises an acid, such as (but not limited to) acetic acid. In
some embodiments, at least a portion of the reaction solution
is introduced to the feedstock in a pre-impregnator prior to
step (b).

[0016] Step (b) may include a digestor residence time from
about 2 minutes to about 4 hours. In some embodiments, the
digestor residence time is about 10 minutes or less. Step (b)
may include a digestor temperature from about 150° C. to
about 220° C., such as from about 180° C. to about 200° C.
Step (b) may be conducted at a digestor liquid-solid weight
ratio from about 1 to about 4, preferably about 2 or less. Step
(b) may be conducted at a digestor pH from about 3 to about
5, such as from about 3.5 to about 4.5.

[0017] Insomeembodiments of the process, a blow tank is
configured for receiving the cellulose-rich solid phase or the
refined cellulose-rich solids at a pressure lower than the
digestor pressure. The blow tank may be disposed down-
stream of the digestor and upstream of the mechanical refiner,
i.e. between the digestor and refiner. Or the blow tank may be
disposed downstream of the mechanical refiner. In certain
embodiments, a first blow tank is disposed upstream of the
mechanical refiner and a second blow tank is disposed down-
stream of the mechanical refiner. Optionally, vapor is sepa-
rated from the blow tank(s). The vapor may be purged and/or
condensed or compressed and returned to the digestor. In
either case, heat may be recovered from at least some of the
vapor.

[0018] The mechanical refiner may be selected from the
group consisting of a hot-blow refiner, a hot-stock refiner, a
blow-line refiner, a disk refiner, a conical refiner, a cylindrical
refiner, an in-line defibrator, an extruder, a homogenizer, and
combinations thereof.

[0019] Themechanical refiner may be operated at a refining
pressure selected from about 1 bar to about 20 bar. In some
embodiments, the refining pressure is about 3 bar or less. In
some embodiment, the mechanical refiner is operated at or
about at atmospheric pressure.

[0020] The mechanical refiner may operate at an electrical
load from about 2 kW to about 50 kW, such as from about 5
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kW to about 20 kW, refining power per ton of the cellulose-
rich solid phase. The mechanical refiner may transfer up to
about 500 kW-hr refining energy per ton of the cellulose-rich
solid phase, such as from about 50 kW-hr to about 200 kW-hr
refining energy per ton of the cellulose-rich solid phase.
[0021] The process may utilize multiple mechanical refin-
ers at different parts of the process. For example, between
steps (c) and (d), at least a portion of the mixture may be
conveyed to a second mechanical refiner, typically operated at
the same or a lower refining pressure compared to that of the
mechanical refiner in step (c). In certain embodiments, the
first mechanical refiner in step (c) is a pressurized refiner and
the second mechanical refiner is an atmospheric refiner.
[0022] In some embodiments, step (d) utilizes multiple
enzymatic-hydrolysis reactors. For example, step (d) may
utilize single-stage enzymatic hydrolysis configured for cel-
Iulose liquefaction and saccharification, wherein the single-
stage enzymatic hydrolysis includes one or more tanks or
vessels. Step (d) may utilize multiple-stage enzymatic
hydrolysis configured for cellulose liquefaction followed by
saccharification, wherein each stage includes one or more
tanks or vessels. When multiple-stage enzymatic hydrolysis
is employed, the process may include additional mechanical
refining of the mixture, or a partially hydrolyzed form thereof,
following at least a first stage of enzymatic hydrolysis.

[0023] The process according to some embodiments fur-
ther includes:
[0024] introducing the mixture to a first enzymatic-hy-

drolysis reactor under effective hydrolysis conditions to pro-
duce a liquid hydrolysate comprising sugars from the refined
cellulose-rich solids and optionally from the hemicellulose,
and a residual cellulose-rich solid phase;

[0025] optionally separating at least some of the liquid
hydrolysate from the residual cellulose-rich solid phase;
[0026] conveying the residual cellulose-rich solid phase
through an additional mechanical refiner and/or recycling the
residual cellulose-rich solid phase through the mechanical
refiner, to generate refined residual cellulose-rich solids; and
[0027] introducing the refined residual cellulose-rich solids
to a second enzymatic-hydrolysis reactor under effective
hydrolysis conditions, to produce additional sugars.

[0028] In some embodiments, a self-cleaning filter is con-
figured downstream of the hydrolysis reactor to remove cel-
Iulosic fiber strands. The cellulosic fiber strands may be
recycled back to the hydrolysis reactor.

[0029] Cellulase enzymes may be introduced directly to the
mechanical refiner, so that simultaneous refining and
hydrolysis occurs. Alternatively, or additionally, cellulase
enzymes may be introduced to the cellulose-rich solid phase
prior to step (c), so that during step (c), simultaneous refining
and hydrolysis occurs. In these embodiments, the mechanical
refiner is preferably operated at a maximum temperature of
75° C. or less to maintain effective hydrolysis conditions.

[0030] The process may include conversion of hemicellu-
lose to the fermentation product, in various ways. For
example, step (d) may include enzymatic hydrolysis of hemi-
cellulose oligomers to generate fermentable monomer sug-
ars. Step (e) may include enzymatic hydrolysis of hemicellu-
lose oligomers to generate fermentable monomer sugars
within the fermentor. The monomer sugars, derived from
hemicellulose, may be co-fermented along with glucose or
may be fermented in a second fermentor operated in series or
parallel with the primary fermentor.
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[0031] The process may further comprise removal of one or
more fermentation inhibitors, such as by steam stripping. In
some embodiments, acetic acid (a fermentation inhibitor) is
removed and optionally recycled to the digestor.

[0032] The process typically includes concentrating the
fermentation product by distillation. The distillation gener-
ates a distillation bottoms stream, and in some embodiments
the distillation bottoms stream is evaporated in a distillation
bottoms evaporator that is a mechanical vapor compression
evaporator or is integrated in a multiple-effect evaporator
train.

[0033] The fermentation product may be selected from the
group consisting of ethanol, isopropanol, acetone, n-butanol,
isobutanol, 1,4-butanediol, succinic acid, lactic acid, and
combinations thereof. In certain embodiments, the fermenta-
tion product is ethanol (and CO, necessarily produced in
fermentation).

[0034] Other variations of the invention provide a process
to produce a fermentation product from lignocellulosic bio-
mass, the process comprising:

[0035] (a) introducing a lignocellulosic biomass feedstock
to a digestor, wherein the feedstock contains cellulose, hemi-
cellulose, and lignin;

[0036] (b) exposing the feedstock to a reaction solution
comprising steam or liquid hot water within the digestor, to
solubilize at least a portion of the hemicellulose in a liquid
phase and to provide a cellulose-rich solid phase;

[0037] (c) separating at least a portion of the liquid phase
from the cellulose-rich solid phase;

[0038] (d) mechanically refining the cellulose-rich solid
phase to reduce average particle size, thereby providing
refined cellulose-rich solids;

[0039] (e)enzymatically hydrolyzing the refined cellulose-
rich solids in a hydrolysis reactor with cellulase enzymes, to
generate fermentable sugars;

[0040] (f) hydrolyzing the hemicellulose in the liquid
phase, separately from step (e), to generate fermentable hemi-
cellulose sugars; and

[0041] (g) fermenting at least some of the fermentable sug-
ars, and optionally at least some of the fermentable hemicel-
Iulose sugars, in a fermentor to produce a fermentation prod-
uct.

[0042] Still other variations of the invention provide a pro-
cess to produce a fermentation product from lignocellulosic
biomass, the process comprising:

[0043] (a) introducing a lignocellulosic biomass feedstock
to a digestor, wherein the feedstock contains cellulose, hemi-
cellulose, and lignin;

[0044] (b) exposing the feedstock to a reaction solution
comprising steam or liquid hot water within the digestor, to
solubilize at least a portion of the hemicellulose in a liquid
phase and to provide a cellulose-rich solid phase;

[0045] (c) mechanically refining the cellulose-rich solid
phase to reduce average particle size, thereby providing
refined cellulose-rich solids mixed with the liquid phase;
[0046] (d) separating at least a portion of the liquid phase
from the refined cellulose-rich solids;

[0047] (e)enzymatically hydrolyzing the refined cellulose-
rich solids in a hydrolysis reactor with cellulase enzymes, to
generate fermentable sugars;

[0048] (f) hydrolyzing the hemicellulose in the liquid
phase, separately from step (e), to generate fermentable hemi-
cellulose sugars; and
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[0049] (g) fermenting at least some of the fermentable sug-
ars, and optionally at least some of the fermentable hemicel-
Iulose sugars, in a fermentor to produce a fermentation prod-
uct.

[0050] Yet other variations of the invention provide a pro-
cess to produce fermentable sugars from lignocellulosic bio-
mass, the process comprising:

[0051] (a) introducing a lignocellulosic biomass feedstock
to a single-stage digestor, wherein the feedstock contains
cellulose, hemicellulose, and lignin;

[0052] (b) exposing the feedstock to a reaction solution
comprising steam or liquid hot water within the digestor, to
solubilize at least a portion of the hemicellulose in a liquid
phase and to provide a cellulose-rich solid phase;

[0053] (c) mechanically refining the cellulose-rich solid
phase, together with the liquid phase, to reduce average par-
ticle size of the cellulose-rich solid phase, thereby providing
a mixture comprising refined cellulose-rich solids and the
liquid phase;

[0054] (d) enzymatically hydrolyzing the mixture in a
hydrolysis reactor with cellulase enzymes, to generate fer-
mentable sugars from the mixture; and

[0055] (e) recovering or further treating the fermentable
sugars.

BRIEF DESCRIPTION OF THE FIGURES
[0056] FIG.1 is a simplified block-flow diagram depicting

the process of some embodiments of the present invention,
employing a pressurized blow-line refiner.

[0057] FIG. 2 is a simplified block-flow diagram depicting
the process of some embodiments of the present invention,
employing an atmospheric refiner.

[0058] FIG. 3 is a simplified block-flow diagram depicting
the process of some embodiments of the present invention,
employing multiple blow tanks with a pressurized refiner
between the blow tanks.

[0059] FIG. 4 is a simplified block-flow diagram depicting
the process of some embodiments of the present invention,
employing an atmospheric refiner and lignin recovery.
[0060] FIG.5 is a simplified block-flow diagram depicting
the process of some embodiments of the present invention,
employing an atmospheric refiner and integrated enzymatic
or acid hydrolysis.

[0061] FIG. 6 is a simplified block-flow diagram depicting
the process of some embodiments of the present invention,
employing an atmospheric refiner and recycle of unconverted
solids after enzymatic hydrolysis back to the refiner.

[0062] FIG.7 is a simplified block-flow diagram depicting
the process of some embodiments of the present invention,
employing an atmospheric refiner and recycle of unconverted
solids after solid-liquid separation back to the refiner.
[0063] FIG. 8 is a simplified block-flow diagram depicting
the integrated process of some embodiments of the present
invention, with a pressurized refiner, intermediate hydroly-
sate evaporation, and concentration of the fermentation prod-
uct.

[0064] FIG.9 is a simplified block-flow diagram depicting
the integrated process of some embodiments of the present
invention, with an optional mechanical refiner, intermediate
hydrolysate evaporation, and concentration of the fermenta-
tion product.

[0065] FIG.10is asimplified block-flow diagram depicting
the process of some embodiments, employing additional
refining and additional hydrolysis steps.
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DETAILED DESCRIPTION OF EMBODIMENTS
OF THE INVENTION

[0066] This description will enable one skilled in the art to
make and use the invention, and it describes several embodi-
ments, adaptations, variations, alternatives, and uses of the
invention. These and other embodiments, features, and
advantages of the present invention will become more appar-
ent to those skilled in the art when taken with reference to the
following detailed description of the invention in conjunction
with any accompanying drawings.

[0067] As used in this specification and the appended
claims, the singular forms “a,” “an,” and “the” include plural
referents unless the context clearly indicates otherwise.
Unless defined otherwise, all technical and scientific terms
used herein have the same meaning as is commonly under-
stood by one of ordinary skill in the art to which this invention
belongs. All composition numbers and ranges based on per-
centages are weight percentages, unless indicated otherwise.
All ranges of numbers or conditions are meant to encompass
any specific value contained within the range, rounded to any
suitable decimal point.

[0068] Unless otherwise indicated, all numbers expressing
reaction conditions, stoichiometries, concentrations of com-
ponents, and so forth used in the specification and claims are
to beunderstood as being modified in all instances by the term
“about”” Accordingly, unless indicated to the contrary, the
numerical parameters set forth in the following specification
and attached claims are approximations that may vary
depending at least upon a specific analytical technique.
[0069] The term “comprising,” which is synonymous with
“including,” “containing,” or “characterized by” is inclusive
or open-ended and does not exclude additional, unrecited
elements or method steps. “Comprising” is a term of art used
in claim language which means that the named claim ele-
ments are essential, but other claim elements may be added
and still form a construct within the scope of the claim.
[0070] As used herein, the phase “consisting of” excludes
any element, step, or ingredient not specified in the claim.
When the phrase “consists of”” (or variations thereof) appears
in a clause of the body of a claim, rather than immediately
following the preamble, it limits only the element set forth in
that clause; other elements are not excluded from the claim as
awhole. Asused herein, the phase “consisting essentially of”
limits the scope of a claim to the specified elements or method
steps, plus those that do not materially affect the basis and
novel characteristic(s) of the claimed subject matter.

[0071] With respect to the terms “comprising,” “consisting
of}” and “consisting essentially of,” where one of these three
terms is used herein, the presently disclosed and claimed
subject matter may include the use of either of the other two
terms. Thus in some embodiments not otherwise explicitly
recited, any instance of “comprising” may be replaced by
“consisting of” or, alternatively, by “consisting essentially
of”

[0072] Some variations are premised on the discovery of a
simple process for converting lignocellulosic biomass into
fermentable sugars. In some embodiments, biomass is sub-
jected to a steam or hot-water soak to dissolve hemicellulo-
ses, with or without acetic acid addition. This step may
optionally be followed by mechanical refining, such as in a
hot-blow refiner, of the cellulose-rich (and lignin-rich) solids.
The refined solids are then enzymatically hydrolyzed to gen-
erate sugars, in one or more hydrolysis (or liquefaction) reac-
tors or vessels. An evaporation step following enzymatic
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hydrolysis, and prior to fermentation, may be included to
remove water and potentially fermentation inhibitors from
the hydrolysate. This intermediate evaporation reduces capi-
tal and operating costs of a process for cellulosic biofuels,
such as ethanol and butanol.

[0073] Cellulose accessibility to cellulase enzymes is
achieved according to the disclosed processes. The accessi-
bility is maximized by using two controls that are (i) hydro-
thermal and (ii) mechanical in nature. Optimum hydrother-
mal conditions provide release of hemicelluloses from the
biomass solid structure, which increases cellulose accessibil-
ity to enzymes, even when the lignin content remains high.
Optimum mechanical refining conditions provide enhanced
cellulose accessibility to enzymes.

[0074] Certain exemplary embodiments of the invention
will now be described. These embodiments are not intended
to limit the scope of the invention as claimed. The order of
steps may be varied, some steps may be omitted, and/or other
steps may be added. Reference herein to first step, second
step, etc. is for illustration purposes only. Similarly, unit
operations may be configured in different sequences, some
units may be omitted, and other units may be added.

[0075] FIGS. 1 to 10 present simplified block-flow dia-
grams depicting the process of some embodiments of the
present invention. The process of FIG. 1 employs a pressur-
ized blow-line refiner. The process of employs an atmo-
spheric refiner. The process of FIG. 3 employs multiple blow
tanks with a pressurized refiner between the blow tanks. The
process of FIG. 4 employs an atmospheric refiner and lignin
recovery. The process of FIG. 5 employs an atmospheric
refiner and integrated enzymatic or acid hydrolysis. The pro-
cess of FIG. 6 employs an atmospheric refiner and recycle of
unconverted solids after enzymatic hydrolysis back to the
refiner. The process of FIG. 7 employs an atmospheric refiner
and recycle of unconverted solids after solid-liquid separation
back to the refiner. The process of FIG. 8 employs a pressur-
ized refiner, intermediate hydrolysate evaporation, and con-
centration of the fermentation product. The process of F1G. 9
includes an optional mechanical refiner, intermediate
hydrolysate evaporation, and concentration of the fermenta-
tion product. The process of FIG. 10 employs (optionally)
several additional refining and additional hydrolysis steps.
[0076] Some variations provide a process to produce a fer-
mentation product (e.g., ethanol) from lignocellulosic biom-
ass, the process comprising:

[0077] (a) introducing a lignocellulosic biomass feedstock
to a single-stage digestor, wherein the feedstock contains
cellulose, hemicellulose, and lignin;

[0078] (b) exposing the feedstock to a reaction solution
comprising steam or liquid hot water within the digestor, to
solubilize at least a portion of the hemicellulose in a liquid
phase and to provide a cellulose-rich solid phase;

[0079] (c) refining the cellulose-rich solid phase, together
with the liquid phase, in a mechanical refiner to reduce aver-
age particle size of the cellulose-rich solid phase, thereby
providing a mixture comprising refined cellulose-rich solids
and the liquid phase;

[0080] (d) enzymatically hydrolyzing the mixture in a
hydrolysis reactor with cellulase enzymes, to generate fer-
mentable sugars from the mixture, wherein the hydrolysis
reactor includes one or more hydrolysis stages; and

[0081] (e)fermenting at least some of the fermentable sug-
ars in a fermentor to produce a fermentation product.
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[0082] In some embodiments, the lignocellulosic biomass
feedstock s selected from the group consisting of hardwoods,
softwoods, sugarcane bagasse, sugarcane straw, energy cane,
corn stover, corn cobs, corn fiber, and combinations thereof.
[0083] The biomass feedstock may be selected from hard-
woods, softwoods, forest residues, agricultural residues (such
as sugarcane bagasse), industrial wastes, consumer wastes, or
combinations thereof. In any of these processes, the feedstock
may include sucrose. In some embodiments with sucrose
present in the feedstock (e.g., sugarcane or sugar beets), a
majority of the sucrose is recovered as part of the fermentable
sugars. In some embodiments with dextrose (or starch that is
readily hydrolyzed to dextrose) present in the feedstock (e.g.,
corn), the dextrose is recovered as part of the fermentable
sugars.

[0084] Someembodiments ofthe invention enable process-
ing of “agricultural residues,” which for present purposes is
meant to include lignocellulosic biomass associated with
food crops, annual grasses, energy crops, or other annually
renewable feedstocks. Exemplary agricultural residues
include, but are not limited to, corn stover, corn fiber, wheat
straw, sugarcane bagasse, rice straw, oat straw, barley straw,
miscanthus, energy cane, or combinations thereof.

[0085] The lignocellulosic biomass feedstock may be pre-
treated, prior to step (a), using one or more techniques
selected from the group consisting of cleaning, washing,
presteaming, drying, milling, particle size-classifying, and
combinations thereof. The process may include cleaning the
starting feedstock by wet or dry cleaning. The process may
include size reduction, hot-water soaking, dewatering, steam-
ing, or other operations, upstream of the digestor.

[0086] In some embodiments, the reaction solution further
comprises an acid, such as (but not limited to) acetic acid. In
some embodiments, at least a portion of the reaction solution
is introduced to the feedstock in a pre-impregnator prior to
step (b).

[0087] Step (b) may include a digestor residence time from
about 2 minutes to about 4 hours. In some embodiments, the
digestor residence time is about 10 minutes or less. In various
embodiments, the digestor residence time is about 15, 20, 25,
30, 35, 40, 45, 50, 55 minutes, or about 1.0, 1.5, 2.0, 2.5, 3.0,
3.5, or 4.0 hours.

[0088] Step (b) may include a digestor temperature from
about 150° C. to about 220° C., such as from about 180° C. to
about 200° C. In various embodiments, the digestor tempera-
ture is about 160° C., 165°C., 170°C., 175°C., 180° C., 181°
C.,182°C,183°C., 184°C., 185°C., 186° C., 187°C., 188°
C., 189°C., 190° C., 195° C., or 200° C. At a given reaction
severity, there is a trade-off between time and temperature.
Optionally, a temperature profile is specified for the digestor.
[0089] It is noted that the digestor temperature may be
measured in a variety of ways. The digestor temperature may
be taken as the vapor temperature within the digestor. The
digestor temperature may be measured from the temperature
of'the solids and/or the liquids (or a reacting mixture thereof).
The digestor temperature may be taken as the digestor inlet
temperature, the digestor outlet temperature, or a combina-
tion or correlation thereof. The digestor temperature may be
measured as, or correlated with, the digestor wall tempera-
ture. Note that especially at short residence times (e.g., 5
minutes), the temperatures of different phases present vapor,
liquid, solid, and metal walls) may not reach equilibrium.
[0090] Step (b) may include a digestor pressure from atmo-
spheric pressure up to about 40 bar, such as from about 10 bar
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to about 20 bar. The digestor pressure may correspond to the
steam saturation pressure at the digestor temperature. In some
embodiments, the digestor pressure is higher than the steam
saturation pressure at the digestor temperature, such as when
supersaturated water vapor is desired, or when an inert gas is
also present in the digestor. In some embodiments, the
digestor pressure is lower than the steam saturation pressure
at the digestor temperature, such as when superheated steam
is desired, or when a digestor vapor bleed line is present.
[0091] Step (b) may be conducted at a digestor liquid-solid
weight ratio from about 0.1 to about 10, such as from about 1
to about 4, preferably about 2 or less. In various embodi-
ments, the digestor liquid-solid weight ratio is about 1.0, 1.1,
12,13,1.4,15,16,1.7,1.8,19,2.0,2.1,2.2,2.3,2.4,2.5,
2.6,2.7,28,2.9,or3.0.

[0092] Step (b) may be conducted at a digestor pH from
about 2 to about 6, such as from about 3 to 5, or from about 3.5
to about4.5. In various embodiments, the digestor pH is about
3.1,3.2,3.3,3.4,3.5,3.6,3.7,3.8,3.9,4.0,4.1,4.2, 43,4 4,
4.5,4.6,4.7,4.8, or 4.9. Generally, a lower pH gives a higher
reaction severity. Typically, the digestor pH is not controlled
but is dictated by the composition of the starting feedstock
(e.g., acid content or buffer capacity) and whether an acid is
included in the aqueous reaction solution. Based on measure-
ments made to the starting material or dynamic measure-
ments made or correlated during the process, an additive (e.g.,
an acid or base) may be added to the digestor to vary the
digestor pH.

[0093] Insomeembodiments of the process, a blow tank is
configured for receiving the cellulose-rich solid phase or the
refined cellulose-rich solids at a pressure lower than the
digestor pressure. The blow tank may be disposed down-
stream of the digestor and upstream of the mechanical refiner,
i.e. between the digestor and refiner. Or the blow tank may be
disposed downstream of the mechanical refiner. In certain
embodiments, a first blow tank is disposed upstream of the
mechanical refiner and a second blow tank is disposed down-
stream of the mechanical refiner. Optionally, vapor is sepa-
rated from the blow tank(s). The vapor may be purged and/or
condensed or compressed and returned to the digestor. In
either case, heat may be recovered from at least some of the
vapor.

[0094] The mechanical refiner may be selected from the
group consisting of a hot-blow refiner, a hot-stock refiner, a
blow-line refiner, a disk refiner, a conical refiner, a cylindrical
refiner, an in-line defibrator, an extruder, a homogenizer, and
combinations thereof.

[0095] Themechanical refiner may be operated at a refining
pressure selected from about 1 bar to about 20 bar. In some
embodiments, the refining pressure is about 3 bar or less. In
some embodiment, the mechanical refiner is operated at or
about at atmospheric pressure.

[0096] The mechanical refiner may operate at an electrical
load from about 2 kW to about 50 kW, such as from about 5
kW to about 20 kW, refining power per ton of the cellulose-
rich solid phase. In various embodiments, the mechanical
refiner operates at an electrical load of about 3, 4, 5,6,7, 8,9,
10,11, 12,13, 14,15,16,17, 18, 19, 20, 25, 30, 35, or 40 kW
refining power per ton of the cellulose-rich solid phase.
[0097] The mechanical refiner may transfer up to about 500
kW-hr refining energy per ton of the cellulose-rich solid
phase, such as from about 50 kW-hr to about 200 kW-hr
refining energy per ton of the cellulose-rich solid phase. In
various embodiments, the mechanical refiner transfers about
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10, 20, 30, 40, 50, 60, 70,80, 90, 100, 110, 120, 130, 140, 150,
160, 170, 180, 190, 200, 225, 250, 275, 300, 325, 350, or 400
kW-hr refining energy per ton of the cellulose-rich solid
phase.

[0098] The mechanical refiner may be designed and oper-
ating using principles that are well-known in the art of pulp
and paper plants and biorefineries. For example, refiner plate
gap dimensions may be varied, such as from about 0.1 mm to
about 10 mm, or about 0.5 mm to about 2 mm, to reach the
desired particle-size distribution. The choice of gap dimen-
sions may depend on the nature of the starting feedstock, for
example.

[0099] In some embodiments, the mechanical refiner is
designed and/or adjusted to achieve certain average fiber
lengths, such as about 1 mm, 0.9 mm, 0.8 mm, 0.7 mm, 0.6
mm, 0.5 mm, 0.4 mm, 0.3 mm, 0.2 mm, 0.1 mm or less.
Generally speaking, shorter fibers or fibers with lower diam-
eter are easier to enzymatically hydrolyze to sugars, com-
pared to larger fibers.

[0100] In some embodiments, the mechanical refiner is
designed and/or adjusted to achieve a certain shives (bundles
of fibers) content, such as less than about 5%, 4%, 3%, 2%,
1%, 0.5%, or less. Shives are not desirable because they tend
to be more difficult to enzymatically hydrolyze to sugars.
Knots and other large particles should be refined as well.
[0101] The process may utilize multiple mechanical refin-
ers at different parts of the process. For example, between
steps (c) and (d), at least a portion of the mixture may be
conveyed to a second mechanical refiner, typically operated at
the same or a lower refining pressure compared to that of the
mechanical refiner in step (¢). In certain embodiments, the
first mechanical refiner in step (c) is a pressurized refiner and
the second mechanical refiner is an atmospheric refiner.
[0102] In some embodiments, step (d) utilizes multiple
enzymatic-hydrolysis reactors. For example, step (d) may
utilize single-stage enzymatic hydrolysis configured for cel-
Iulose liquefaction and saccharification, wherein the single-
stage enzymatic hydrolysis includes one or more tanks or
vessels. Step (d) may utilize multiple-stage enzymatic
hydrolysis configured for cellulose liquefaction followed by
saccharification, wherein each stage includes one or more
tanks or vessels. When multiple-stage enzymatic hydrolysis
is employed, the process may include additional mechanical
refining of the mixture, or a partially hydrolyzed form thereof,
following at least a first stage of enzymatic hydrolysis.
[0103] In some embodiments, non-acid and non-enzyme
catalysts may be employed for co-hydrolyzing glucose oli-
gomers and hemicellulose oligomers. For example, base cata-
lysts, solid catalysts, ionic liquids, or other effective materials
may be employed.

[0104] The process according to some embodiments fur-
ther includes:
[0105] introducing the mixture to a first enzymatic-hy-

drolysis reactor under effective hydrolysis conditions to pro-
duce a liquid hydrolysate comprising sugars from the refined
cellulose-rich solids and optionally from the hemicellulose,
and a residual cellulose-rich solid phase;

[0106] optionally separating at least some of the liquid
hydrolysate from the residual cellulose-rich solid phase;
[0107] conveying the residual cellulose-rich solid phase
through an additional mechanical refiner and/or recycling the
residual cellulose-rich solid phase through the mechanical
refiner, to generate refined residual cellulose-rich solids; and
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[0108] introducing the refined residual cellulose-rich solids
to a second enzymatic-hydrolysis reactor under effective
hydrolysis conditions, to produce additional sugars.

[0109] In some embodiments, a self-cleaning filter is con-
figured downstream of the hydrolysis reactor to remove cel-
Iulosic fiber strands. The cellulosic fiber strands may be
recycled, at least in part, back to the hydrolysis reactor.

[0110] Cellulase enzymes may be introduced directly to the
mechanical refiner, so that simultaneous refining and
hydrolysis occurs. Alternatively, or additionally, cellulase
enzymes may be introduced to the cellulose-rich solid phase
prior to step (c), so that during step (c), simultaneous refining
and hydrolysis occurs. In these embodiments, the mechanical
refiner is preferably operated at a maximum temperature of
75° C., 70° C., 65° C., 60° C., 55° C., 50° C. or less to
maintain effective hydrolysis conditions.

[0111] The process may include conversion of hemicellu-
lose to the fermentation product, in various ways. For
example, step (d) may include enzymatic hydrolysis of hemi-
cellulose oligomers to generate fermentable monomer sug-
ars. Step (e) may include enzymatic hydrolysis of hemicellu-
lose oligomers to generate fermentable monomer sugars
within the fermentor. The monomer sugars, derived from
hemicellulose, may be co-fermented along with glucose or
may be fermented in a second fermentor operated in series or
parallel with the primary fermentor.

[0112] The process may further comprise removal of one or
more fermentation inhibitors, such as by steam stripping. In
some embodiments, acetic acid (a fermentation inhibitor) is
removed and optionally recycled to the digestor.

[0113] The process typically includes concentrating the
fermentation product by distillation. The distillation gener-
ates a distillation bottoms stream, and in some embodiments
the distillation bottoms stream is evaporated in a distillation
bottoms evaporator that is a mechanical vapor compression
evaporator or is integrated in a multiple-effect evaporator
train.

[0114] The fermentation product may be selected from the
group consisting of ethanol, isopropanol, acetone, n-butanol,
isobutanol, 1,4-butanediol, succinic acid, lactic acid, and
combinations thereof. In certain embodiments, the fermenta-
tion product is ethanol (and CO, necessarily co-produced in
fermentation).

[0115] The solid yield (also known as pulp yield or fiber
yield) is the fraction of solids remaining (not dissolved) fol-
lowing digestion and refining, but prior to enzymatic hydroly-
sis, relative to the starting biomass feedstock. The solid yield
of the process may vary, such as from about 60% to about
90%, typically from about 70% to about 80%. The solid yield
does not include dissolved solids (e.g., hemicellulose sugars
in solution). In various embodiments, the solid yield is about
70%, 71%, 72%, 73%, 74%, 75%, 76%, 77%, 78%, 79%, or
80%.

[0116] The sugar yield (also known as carbohydrate yield)
is the fraction of sugar monomers and oligomers following
enzymatic hydrolysis, but prior to fermentation of the
hydrolysate, relative to the solid material entering hydrolysis
from digestion and any refining. The sugar yield of the pro-
cess may vary, such as from about 40% to about 80% (or
more), preferably at least 50%. In various embodiments, the
sugar yield is about 50%, 52%, 54%, 56%, 58%, 60%, 62%,
64%, 66%, 68%, 70%, or more.
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[0117] The fraction of starting hemicellulose that is
extracted into solution may be from about 50% to about 95%,
such as about 55%, 60%, 65%, 70%, 75%, 80%, 85%, or
90%.

[0118] The fermentation product yield (e.g., ethanol yield)
is the yield of final product produced in fermentation, relative
to the theoretical yield if all sugars are fermented to the
product. The theoretical fermentation yield accounts for any
necessary co-products, such as carbon dioxide in the case of
ethanol. In the case of ethanol, the ethanol yield of the process
may vary, such as from about 65% to about 95%, typically at
least 80%. In various embodiments, the ethanol yield is about
75%, 76%, 77%, 78%, 79%, 80%, 81%, 82%, 83%, 84%,
85%, 86%, 87%, 88%, 89%, 90% or more. An ethanol yield
on the basis of starting feedstock can also be calculated. In
various embodiments, the ethanol yield is from about 45
gal/T (T is dry tons of starting lignocellulosic feedstock) to
about 85 gal/T, typically about 60 gal/T or more.

[0119] Other variations of the invention provide a process
to produce a fermentation product from lignocellulosic bio-
mass, the process comprising:

[0120] (a) introducing a lignocellulosic biomass feedstock
to a digestor, wherein the feedstock contains cellulose, hemi-
cellulose, and lignin;

[0121] (b) exposing the feedstock to a reaction solution
comprising steam or liquid hot water within the digestor, to
solubilize at least a portion of the hemicellulose in a liquid
phase and to provide a cellulose-rich solid phase;

[0122] (c) separating at least a portion of the liquid phase
from the cellulose-rich solid phase;

[0123] (d) mechanically refining the cellulose-rich solid
phase to reduce average particle size, thereby providing
refined cellulose-rich solids;

[0124] (e)enzymatically hydrolyzing the refined cellulose-
rich solids in a hydrolysis reactor with cellulase enzymes, to
generate fermentable sugars;

[0125] (f) hydrolyzing the hemicellulose in the liquid
phase, separately from step (e), to generate fermentable hemi-
cellulose sugars; and

[0126] (g) fermenting at least some of the fermentable sug-
ars, and optionally at least some of the fermentable hemicel-
Iulose sugars, in a fermentor to produce a fermentation prod-
uct.

[0127] Still other variations of the invention provide a pro-
cess to produce a fermentation product from lignocellulosic
biomass, the process comprising:

[0128] (a) introducing a lignocellulosic biomass feedstock
to a digestor, wherein the feedstock contains cellulose, hemi-
cellulose, and lignin;

[0129] (b) exposing the feedstock to a reaction solution
comprising steam or liquid hot water within the digestor, to
solubilize at least a portion of the hemicellulose in a liquid
phase and to provide a cellulose-rich solid phase;

[0130] (c) mechanically refining the cellulose-rich solid
phase to reduce average particle size, thereby providing
refined cellulose-rich solids mixed with the liquid phase;
[0131] (d) separating at least a portion of the liquid phase
from the refined cellulose-rich solids;

[0132] (e)enzymatically hydrolyzing the refined cellulose-
rich solids in a hydrolysis reactor with cellulase enzymes, to
generate fermentable sugars;

[0133] (f) hydrolyzing the hemicellulose in the liquid
phase, separately from step (e), to generate fermentable hemi-
cellulose sugars; and
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[0134] (g) fermenting at least some of the fermentable sug-
ars, and optionally at least some of the fermentable hemicel-
Iulose sugars, in a fermentor to produce a fermentation prod-
uct.

[0135] Yet other variations of the invention provide a pro-
cess to produce fermentable sugars from lignocellulosic bio-
mass, the process comprising:

[0136] (a) introducing a lignocellulosic biomass feedstock
to a single-stage digestor, wherein the feedstock contains
cellulose, hemicellulose, and lignin;

[0137] (b) exposing the feedstock to a reaction solution
comprising steam or liquid hot water within the digestor, to
solubilize at least a portion of the hemicellulose in a liquid
phase and to provide a cellulose-rich solid phase;

[0138] (c) mechanically refining the cellulose-rich solid
phase, together with the liquid phase, to reduce average par-
ticle size of the cellulose-rich solid phase, thereby providing
a mixture comprising refined cellulose-rich solids and the
liquid phase;

[0139] (d) enzymatically hydrolyzing the mixture in a
hydrolysis reactor with cellulase enzymes, to generate fer-
mentable sugars from the mixture; and

[0140] (e) recovering or further treating the fermentable
sugars.
[0141] Insome variations, a process is provided for produc-

ing fermentable sugars from cellulosic biomass, the process
comprising:

[0142] (a) providing a feedstock comprising cellulosic bio-
mass;
[0143] (b) digesting the feedstock with a reaction solution

including steam and/or hot water in a digestor under effective
reaction conditions to produce a digested stream containing
cellulose-rich solids, hemicellulose oligomers, and lignin;
[0144] (c) conveying the digested stream through a
mechanical refiner, thereby generating a refined stream with
reduced average particle size of the cellulose-rich solids;
[0145] (d) separating a vapor from the refined stream;
[0146] (e) introducing the refined stream to an enzymatic
hydrolysis unit under effective hydrolysis conditions to pro-
duce sugars from the cellulose-rich solids and optionally
from the hemicellulose oligomers; and

[0147] (f) recovering or further processing at least some of
the sugars as fermentable sugars.

[0148] Some variations provide a process for producing
fermentable sugars from cellulosic biomass, the process com-
prising:

[0149] (a) providing a feedstock comprising cellulosic bio-
mass;
[0150] (b) digesting the feedstock with a reaction solution

including steam and/or hot water in a digestor under effective
reaction conditions to produce a digested stream containing
cellulose-rich solids, hemicellulose oligomers, and lignin;
[0151] (c) conveying the digested stream through a
mechanical refiner, thereby generating a refined stream with
reduced average particle size of the cellulose-rich solids;
[0152] (d) separating a vapor from the refined stream;
[0153] (e) introducing the refined stream to an acid
hydrolysis unit under effective hydrolysis conditions to pro-
duce sugars from the cellulose-rich solids and optionally
from the hemicellulose oligomers;

[0154] (f) recovering or further processing at least some of
the sugars as fermentable sugars.
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[0155] Certain embodiments provide a process for produc-
ing ethanol from cellulosic biomass, the process comprising:

[0156] (a) providing a feedstock comprising cellulosic bio-
mass;
[0157] (b) digesting the feedstock with a reaction solution

including steam and/or hot water in a digestor under effective
reaction conditions to produce a digested stream containing
cellulose-rich solids, hemicellulose oligomers, and lignin;
[0158] (c) conveying the digested stream through a blow-
line refiner, thereby generating a refined stream with reduced
average particle size of the cellulose-rich solids;

[0159] (d) separating a vapor from the refined stream;
[0160] (e) introducing the refined stream to an enzymatic
hydrolysis unit under effective hydrolysis conditions to pro-
duce sugars from the cellulose-rich solids and from the hemi-
cellulose oligomers;

[0161] (f) fermenting the sugars to produce ethanol in
dilute solution; and

[0162] (g) concentrating the dilute solution to produce an
ethanol product.

[0163] Insome variations, a process for producing ferment-
able sugars from cellulosic biomass comprises:

[0164] (a)providing a feedstock comprising cellulosic bio-
mass;
[0165] (b) digesting the feedstock with a reaction solution

including steam and/or hot water in a digestor under effective
reaction conditions to produce a digested stream containing
cellulose-rich solids, hemicellulose oligomers, and lignin;
[0166] (c) reducing pressure of the digested stream;
[0167] (d) introducing the digested stream to an enzymatic
hydrolysis unit under effective hydrolysis conditions to pro-
duce a liquid phase comprising sugars from the cellulose-rich
solids and optionally from the hemicellulose oligomers, and a
solid phase comprising the cellulose-rich solids;

[0168] (e) separating the liquid phase and the solid phase
from step (d);
[0169] (f) conveying the solid phase through a mechanical

refiner, thereby generating a refined stream with reduced
average particle size of the cellulose-rich solids;

[0170] (g) recycling the refined stream to the enzymatic
hydrolysis unit, to produce additional sugars from the cellu-
lose-rich solids contained in the solid phase from step (d); and
[0171] (h) recovering or further processing at least some of
the sugars and at least some of the additional sugars as fer-
mentable sugars.

[0172] Other variations provide a process for producing
fermentable sugars from cellulosic biomass, the process com-
prising:

[0173] (a) providing a feedstock comprising cellulosic bio-
mass;
[0174] (b) digesting the feedstock with a reaction solution

including steam and/or hot water in a digestor under effective
reaction conditions to produce a digested stream containing
cellulose-rich solids, hemicellulose oligomers, and lignin;
[0175] (c) reducing pressure of the digested stream;
[0176] (d) introducing the digested stream to a first enzy-
matic hydrolysis unit under effective hydrolysis conditions to
produce a liquid phase comprising sugars from the cellulose-
rich solids and optionally from the hemicellulose oligomers,
and a solid phase comprising the cellulose-rich solids;
[0177] (e) separating the liquid phase and the solid phase
from step (d);
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[0178] (f) conveying the solid phase through a mechanical
refiner, thereby generating a refined stream with reduced
average particle size of the cellulose-rich solids;

[0179] (g) recycling the refined stream to a second enzy-
matic hydrolysis unit, to produce additional sugars from the
cellulose-rich solids contained in the solid phase from step
(d); and

[0180] (h) recovering or further processing at least some of
the sugars and/or the additional sugars as fermentable sugars.
[0181] Other variations provide a process for producing a
fermentation product from cellulosic biomass, the process
comprising:

[0182] (a) providing a feedstock comprising cellulosic bio-
mass;
[0183] (b) digesting the feedstock with a reaction solution

including steam and/or hot water in a digestor under effective
reaction conditions to produce a digested stream containing
cellulose-rich solids, hemicellulose oligomers, and lignin;
[0184] (c) optionally exploding the digested stream,
thereby generating an exploded stream with reduced average
particle size of the cellulose-rich solids;

[0185] (d) introducing the digested stream and/or (if step
(c) is conducted) the exploded stream to an enzymatic
hydrolysis unit under effective hydrolysis conditions to pro-
duce a sugar-containing hydrolysate;

[0186] (e) evaporating the hydrolysate using a multiple-
effect evaporator or a mechanical vapor compression evapo-
rator, to produce a concentrated hydrolysate;

[0187] (f) fermenting the concentrated hydrolysate to pro-
duce a dilute fermentation product; and

[0188] (g) concentrating the dilute fermentation product to
produce a concentrated fermentation product.

[0189] Some variations provide a process for producing
fermentable sugars from cellulosic biomass, the process com-
prising:

[0190] (a) providing a feedstock comprising cellulosic bio-
mass;
[0191] (b) digesting the feedstock with a reaction solution

including steam and/or hot water in a digestor under effective
reaction conditions to produce a digested stream containing
cellulose-rich solids, hemicellulose oligomers, and lignin;
[0192] (c) optionally conveying the digested stream
through a mechanical refiner, thereby generating a refined
stream with reduced average particle size of the cellulose-rich
solids;

[0193] (d) introducing the digested stream and/or (if step
(c) is conducted) the refined stream to an enzymatic hydroly-
sis unit under effective hydrolysis conditions to produce a
sugar-containing hydrolysate;

[0194] (e) optionally evaporating the hydrolysate using a
multiple-effect evaporator or a mechanical vapor compres-
sion evaporator, to produce a concentrated hydrolysate;
[0195] (f) fermenting the hydrolysate to produce a dilute
fermentation product; and

[0196] (g) concentrating the dilute fermentation product to
produce a concentrated fermentation product.

[0197] Other variations provide a process for producing a
fermentation product from cellulosic biomass, the process
comprising:

[0198] (a) providing a feedstock comprising cellulosic bio-
mass;
[0199] (b) digesting the feedstock with a reaction solution

including steam and/or hot water in a digestor under effective
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reaction conditions to produce a digested stream containing
cellulose-rich solids, hemicellulose oligomers, and lignin;
[0200] (c) optionally exploding the digested stream,
thereby generating an exploded stream with reduced average
particle size of the cellulose-rich solids;

[0201] (d) introducing the digested stream and/or (if step
(c) is conducted) the exploded stream to an enzymatic
hydrolysis unit under effective hydrolysis conditions to pro-
duce a sugar-containing hydrolysate;

[0202] (e) evaporating the hydrolysate using a multiple-
effect evaporator or a mechanical vapor compression evapo-
rator, to produce a concentrated hydrolysate;

[0203] (f) fermenting the concentrated hydrolysate to pro-
duce a dilute fermentation product; and

[0204] (g) concentrating the dilute fermentation product to
produce a concentrated fermentation product.

[0205] Other variations provide a process for producing a
fermentation product from cellulosic biomass, the process
comprising:

[0206] (a) providing a feedstock comprising cellulosic bio-
mass;
[0207] (b) digesting the feedstock with a reaction solution

including steam and/or hot water in a digestor under effective
reaction conditions to produce a digested stream containing
cellulose-rich solids, hemicellulose oligomers, and lignin;
[0208] (c) optionally conveying at least a portion of the
digested stream through a first mechanical refiner in a blow
line;

[0209] (d) optionally conveying at least a portion of the
digested stream through a second mechanical refiner follow-
ing pressure reduction of the digested stream;

[0210] (e) introducing the digested stream and/or (if step
(c) and/or step (d) is conducted) a mechanically treated
derivative thereof, to an enzymatic liquefaction unit under
effective liquefaction conditions to produce a first intermedi-
ate stream;

[0211] (f) optionally conveying at least a portion of the first
intermediate stream through a third mechanical refiner;
[0212] (g) introducing the first intermediate stream and/or
(if step (f) is conducted) a mechanically treated derivative
thereof, to a first enzymatic hydrolysis unit under effective
hydrolysis conditions to produce a second intermediate
stream;

[0213] (h) optionally conveying at least a portion of the
second intermediate stream through a fourth mechanical
refiner;

[0214] (i) introducing the second intermediate stream and/
or (if step (h) is conducted) a mechanically treated derivative
thereof, to a second enzymatic hydrolysis unit under effective
hydrolysis conditions to produce a concentrated hydrolysate;
[0215] (j) fermenting the concentrated hydrolysate to pro-
duce a dilute fermentation product; and

[0216] (k) concentrating the dilute fermentation product to
produce a concentrated fermentation product.

[0217] The process may include no refiner, or only the first
mechanical refiner, or only the second mechanical refiner, or
only the third mechanical refiner, or only the fourth mechani-
cal refiner, or any combination thereof (e.g., any two of such
refiners, or any three of such refiners, or all four of such
refiners).

[0218] Some variations provide a process for producing
fermentable sugars from cellulosic biomass, the process com-
prising:
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[0219] (a) providing a feedstock comprising cellulosic bio-
mass;
[0220] (b) digesting the feedstock with a reaction solution

including steam and/or hot water in a digestor under effective
reaction conditions to produce a digested stream containing
cellulose-rich solids, hemicellulose oligomers, and lignin;
[0221] (c) optionally conveying the digested stream
through a mechanical refiner, thereby generating a refined
stream with reduced average particle size of the cellulose-rich
solids;

[0222] (d) introducing the digested stream and/or (if step
(c) is conducted) the refined stream to an enzymatic hydroly-
sis unit under effective hydrolysis conditions to produce a
sugar-containing hydrolysate;

[0223] (e) evaporating the hydrolysate using a multiple-
effect evaporator or a mechanical vapor compression evapo-
rator, to produce a concentrated hydrolysate;

[0224] (f) fermenting the concentrated hydrolysate to pro-
duce a dilute fermentation product; and

[0225] (g) concentrating the dilute fermentation product to
produce a concentrated fermentation product.

[0226] Other variations of the invention provide a process
for producing fermentable sugars from cellulosic biomass,
the process comprising:

[0227] (a) providing a feedstock comprising cellulosic bio-
mass;
[0228] (b) digesting the feedstock with a reaction solution

including steam and/or hot water in a digestor under effective
reaction conditions to produce a digested stream containing
cellulose-rich solids, hemicellulose oligomers, and lignin;
[0229] (c) conveying the digested stream through a
mechanical refiner, thereby generating a refined stream with
reduced average particle size of the cellulose-rich solids;
[0230] (d) introducing enzymes to the mechanical refiner
and maintaining effective hydrolysis conditions to produce
sugars from the cellulose-rich solids and optionally from the
hemicellulose oligomers, simultaneously with step (c);

[0231] (e) evaporating water from the hydrolysate from
step (d); and
[0232] (f) recovering or further processing at least some of

the sugars as fermentable sugars.

[0233] Some variations provide a process for producing
fermentable sugars from cellulosic biomass, the process com-
prising:

[0234] (a) providing a feedstock comprising cellulosic bio-
mass;

[0235] (b) digesting the feedstock with a reaction solution

including steam and/or hot water in a digestor under effective
reaction conditions to produce a digested stream containing
cellulose-rich solids, hemicellulose oligomers, and lignin;
[0236] (c) conveying the digested stream through a
mechanical refiner, thereby generating a refined stream with
reduced average particle size of the cellulose-rich solids;
[0237] (d) introducing the refined stream to an acid
hydrolysis unit under effective hydrolysis conditions to pro-
duce sugars from the cellulose-rich solids and optionally
from the hemicellulose oligomers;

[0238] (e) separating a vapor from the refined stream
before, during, or after step (d); and

[0239] (f) recovering or further processing at least some of
the sugars as fermentable sugars.

[0240] In some embodiments, the reaction solution com-
prises or consists essentially of steam in saturated, super-
heated, or supersaturated form. In these or other embodi-
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ments, the reaction solution comprises or consists essentially
of pressurized liquid hot water.

[0241] Incertain embodiments, a combination of steam and
liquid hot water is employed. For example, a pre-steaming
step may be employed prior to the digestor, and then liquid
hot water may be introduced to the digestor along with pre-
steamed biomass. Depending on the temperature and pres-
sure, the steam may partially or completely condense, or the
liquid hot water may partially or completely enter the vapor
phase, in the digestor head space and/or within open space
between cellulose fibers, for example.

[0242] The reaction solution optionally includes an acid
catalyst, to assist in extraction of hemicelluloses from the
starting material, and possibly to catalyze some hydrolysis. In
some embodiments, the acid is a sulfur-containing acid (e.g.,
sulfur dioxide). In some embodiments, the acid is acetic acid,
which may be recovered from the digested stream (i.e., from
downstream operations). Additives may be present in the
reaction solution, such as acid or base catalysts, or other
compounds present in recycled streams.

[0243] Many types of digestors are possible. The digestor
may be horizontal, vertical, or inclined. The digestor may or
may not have any internal agitator or means for agitation. The
digestor may be fixed in place, or be allowed to rotate (e.g.,
about its axial or radial dimensions). The digestor may be
operated in upflow or downflow mode, relative to the solids or
the solid-liquid mixture. When there is excess liquid, the
digestor may be operated either cocurrently or countercur-
rently (solid flow versus liquid flow). The digestor may be
operated continuously, semi-continuously, in batch, or some
combination or hybrid thereof. The flow pattern in the
digestor may be plug flow, well-mixed, or any other flow
pattern. The digestor may be heated internally or externally,
such as by steam, hot oil, etc. Generally, the principles of
chemical-reactor engineering may be applied to digestor
design and operation.

[0244] In certain preferred embodiments of the invention,
the digestor is a vertical digestor. In some embodiments, the
digestor is not or does not include a horizontal digestor (e.g.,
Pandia-type). Although the prior art tends to teach away from
a vertical digestor for processing annual fibers (agricultural
residues), it has been discovered that a single-stage pretreat-
ment in a vertical digestor works surprisingly well for steam
or hot-water extraction of agricultural residues prior to enzy-
matic hydrolysis.

[0245] Asintended herein, a “vertical digestor” can include
non-vertical ancillary equipment, including feeding and dis-
charge equipment. For example, a horizontal or inclined inlet
(e.g., plug-screw feeder) or horizontal or inclined outlet (e.g.,
plug-screw discharger), a horizontal or inclined pre-impreg-
nator, a horizontal or inclined blow line, and so on may be
included in the process when a vertical digestor is utilized.
Also, a vertical digestor may be substantially vertical but may
contain sections or zones that are not strictly vertical, and may
contain side-streams (inlet or outlet), internal recycle
streams, and so on that may be construed as non-vertical. In
some embodiments, a vertical digestor has a varying diameter
along its length (height).

[0246] In certain preferred embodiments of the invention,
the digestor is a single-stage digestor. Here “single stage”
means that biomass is extracted with an extraction solution
(e.g., liquid hot water with an optional acid such as acetic
acid) at reaction temperature and pressure, to solubilize hemi-
celluloses and lignin, with no intermediate separation prior to
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entering a mechanical refiner, blow line, or blow valve. The
hemicelluloses are not separated and the cellulose-rich solids
are not separately processed prior to enzymatic hydrolysis.
Following the digestor and optional blow-line refiner, and
after the pressure is released to reach atmospheric pressure, in
some embodiments, the hemicelluloses may be washed from
the solids and separately processed to hydrolyze hemicellu-
loses to monomers and/or to separately ferment hemicellu-
lose sugars to ethanol. In some embodiments, there is no
intermediate separation: all extracted/digested contents—
both the solid and liquid phases—are sent to enzymatic
hydrolysis to produce glucose and other monomer sugars
such as xylose.

[0247] Some specific embodiments of the invention
employ a single-stage vertical digestor configured to continu-
ously pretreat incoming biomass with liquid hot water, fol-
lowed by blow-line refining of the entire pretreated material,
and then followed by enzymatic hydrolysis of the entire
refined material.

[0248] The mechanical refiner may be selected from the
group consisting of a hot-blow refiner, a hot-stock refiner, a
blow-line refiner, a disk refiner, a conical refiner, a cylindrical
refiner, an in-line defibrator, a homogenizer, and combina-
tions thereof (noting that these industry terms are not mutu-
ally exclusive to each other). In certain embodiments, the
mechanical refiner is a blow-line refiner. Other mechanical
refiners may be employed, and chemical refining aids (e.g.,
fatty acids) may be introduced, such as to adjust viscosity,
density, lubricity, etc.

[0249] Mechanically treating (refining) may employ one or
more known techniques such as, but by no means limited to,
milling, grinding, beating, sonicating, or any other means to
reduce cellulose particle size. Such refiners are well-known in
the industry and include, without limitation, Valley beaters,
single disk refiners, double disk refiners, conical refiners,
including both wide angle and narrow angle, cylindrical refin-
ers, homogenizers, microfluidizers, and other similar milling
or grinding apparatus. See, for example, Smook, Handbook
for Pulp & Paper Technologists, Tappi Press, 1992.

[0250] A pressurized refiner may operate at the same pres-
sure as the digestor, or at a different pressure. In some
embodiments, both the digestor and the refiner operate in a
pressure range corresponding to equilibrium steam saturation
temperatures from about 170° C. to about 210° C., such as
about 180° C. to about 200° C. In some embodiments, a
pressurized refiner is fed by a screw between the digestor and
the refiner.

[0251] In principle, the pressure in the refiner could be
higher than the digestor pressure, due to mechanical energy
input. For example, a high-pressure screw feeder could be
utilized to increase refining pressure, if desired. Also, it will
be recognized that localized pressures (force divided by area)
may be higher than the vapor pressure, due to the presence of
mechanical surface force (e.g., plates) impacting the solid
material or slurry.

[0252] A blow tank may be situated downstream of the
mechanical refiner, so that the mechanical refiner operates
under pressure. The pressure of the mechanical refiner may be
the same as the digestor pressure, or it may be different. In
some embodiments, the mechanical refiner is operated at a
refining pressure selected from about 30 psig (2.07 bar, noting
that “bar” herein refers to gauge pressure) to about 300 psig
(20.7 bar), such as about 50 psig (3.45 bar) to about 150 psig
(10.3 bar).
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[0253] A blow tank may be situated upstream of the
mechanical refiner, so that the mechanical refiner operates
under reduced pressure or atmospheric pressure. In some
embodiments, the mechanical refiner is operated a refining
pressure of less than about 50 psig, less than about 30 psig, or
at or about atmospheric pressure.

[0254] Note that “blow tank™ should be broadly construed
to include not only a tank but any other apparatus or equip-
ment capable of allowing a pressure reduction in the process
stream. Thus a blow tank may be a tank, vessel, section of
pipe, valve, separation device, or other unit.

[0255] In some embodiments, following a digestor to
remove hemicellulose, an intermediate blow is performed to,
for example, about 40 psig. The material is sent to a blow-line
refiner, and then to a final blow to atmospheric pressure, for
example. In some embodiments, a cold blow discharger is
utilized to feed a pressurized refiner. In some embodiments, a
transfer conveyor is utilized to feed a pressurized refiner.

[0256] The refining may be conducted at a wide range of
solids concentrations (consistency), including from about 2%
to about 50% consistency, such as about 4%, 6%, 8%, 10%,
15%, 20%, 30%, 35%, or 40% consistency.

[0257] A pressurized refiner may operate at the same pres-
sure as the digestor, or at a different pressure. In some
embodiments, both the digestor and the refiner operate in a
pressure range corresponding to equilibrium steam saturation
temperatures from about 170° C. to about 210° C., such as
about 180° C. to about 200° C. In some embodiments, a
pressurized refiner is fed by a screw between the digestor and
the refiner.

[0258] Incertain embodiments of the invention, a first blow
tank is situated upstream of the mechanical refiner and a
second blow tank is situated downstream of the mechanical
refiner. In this scenario, the pressure is reduced somewhat
between the digestor and the refiner, which operates above
atmospheric pressure. Following the refining, the pressure is
released in the second blow tank. In some embodiments, the
mechanical refiner is operated at a refining pressure selected
from about 10 psig to about 150 psig, such as about 20 psig to
about 100 psig, or about 30 psig to about 50 psig.

[0259] Insome embodiments, the vapor is separated from a
blow tank, and heat is recovered from at least some of the
vapor. At least some of the vapor may be compressed and
returned to the digestor. Some of the vapor may be purged
from the process.

[0260] In some embodiments, heat is recovered from at
least some of the vapor, using the principles of heat integra-
tion. At least some of the vapor may be compressed and
returned to the digestor. Some of the vapor may be purged
from the process.

[0261] In certain embodiments, the reduction of pressure
that occurs across a blow valve causes, or assists, fiber expan-
sion or fiber explosion. Fiber expansion or explosion is a type
of physical action that can occur, reducing particle size or
surface area of the cellulose phase, and enhancing the enzy-
matic digestibility of the pretreated cellulose. Certain
embodiments employ a blow valve (or multiple blow valves)
to replace a mechanical refiner or to augment the refining that
results from a mechanical refiner, disposed either before or
after such blow valve. Some embodiments combine a
mechanical refiner and blow value into a single apparatus that
simultaneously refines the cellulose-rich solids while blow-
ing the material to a reduced pressure.
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[0262] In some embodiments, enzymes introduced or
present in the enzymatic hydrolysis unit may include not only
cellulases but also hemicellulases. In certain embodiments,
enzymes introduced or present in the enzymatic hydrolysis
unit include endoglucanases and exoglucanases.

[0263] Enzymatic hydrolysis may be conducted at a solids
concentration from about 5 wt % to about 25 wt %, such as
about 10 wt %, 12 wt %, 15 wt %, 18 wt %, 20 wt %, or 22 wt
%.

[0264] The enzymatic hydrolysis unit may include a single
stage configured for cellulose liquefaction and saccharifica-
tion, wherein the single stage includes one or more tanks or
vessels. Alternatively, the enzymatic hydrolysis unit may
include two stages configured for cellulose liquefaction fol-
lowed by saccharification, wherein each stage includes one or
more tanks or vessels.

[0265] Enzymes introduced or present in the enzymatic
hydrolysis unit may include cellulases and hemicellulases. In
some embodiments, enzymes introduced or present in the
enzymatic hydrolysis unit include endoglucanases and exo-
glucanases.

[0266] Some embodiments employ two or more enzymatic
hydrolysis units. The first enzymatic hydrolysis unit may
include a single stage configured for cellulose liquefaction
and saccharification, wherein the single stage includes one or
more tanks or vessels. Alternatively, the first enzymatic
hydrolysis unit may include two stages configured for cellu-
lose liquefaction followed by saccharification, wherein each
stage includes one or more tanks or vessels.

[0267] The second enzymatic hydrolysis unit may include a
single stage configured for cellulose liquefaction and saccha-
rification, wherein the single stage includes one or more tanks
or vessels. Alternatively, the second enzymatic hydrolysis
unit may include two stages configured for cellulose lique-
faction followed by saccharification, wherein each stage
includes one or more tanks or vessels. In certain embodi-
ments, the process further comprises recycling at least some
material treated in the second enzymatic hydrolysis unit, for
solid/liquid separation, for example.

[0268] Enzymes introduced or present in the enzymatic
hydrolysis unit may include cellulases and hemicellulases. In
some embodiments, enzymes introduced or present in the
enzymatic hydrolysis unit include endoglucanases and exo-
glucanases.

[0269] The hydrolysis reactor may be configured in one or
more stages or vessels. In some embodiments, a hydrolysis
reactor is a system of two, three, or more physical vessels
which are configured to carry out liquefaction or hydrolysis of
sugar oligomers. For example, in certain embodiments, a
liquefaction tank is followed by a hydrolysis tank, which is
then followed by another tank for extended hydrolysis.
Enzymes may be added to any one or more of these vessels,
and enzyme recycling may be employed.

[0270] In other embodiments, a single physical hydrolysis
reactor is utilized, which reactor contains a plurality of zones,
such as a liquefaction zone, a first hydrolysis zone, and a
second hydrolysis zone. The zones may be stationary or mov-
ing, and the reactor may be a continuous plug-flow reactor, a
continuous stirred reactor, a batch reactor, a semi-batch reac-
tor, or any combination of these, including arbitrary flow
patterns of solid and liquid phases.

[0271] A mechanical refiner may be included before lique-
faction, between the liquefaction tank and hydrolysis tank,
and/or between the hydrolysis tank and the extended hydroly-

Aug. 25,2016

sis tank. Alternatively or additionally, a mechanical refiner
may be included elsewhere in the process. Enzymes may be
introduced directly into any of the refiners, if desired.
[0272] In some embodiments, enzymes are introduced
directly to the mechanical refiner. In these or other embodi-
ments, the enzymes are introduced to the digested stream,
upstream of the mechanical refiner. The enzymes may include
cellulases (e.g., endoglucanases and exoglucanases) and
hemicellulases.

[0273] The effective hydrolysis conditions may include a
maximum temperature of 75° C. or less, preferably 65° C. or
less, within the mechanical refiner. In some embodiments, the
effective hydrolysis conditions include a hydrolysis tempera-
ture of about 30° C., 40° C., 50° C., 60° C., or 70° C. within
the mechanical refiner. These are average temperatures
within the refining zone. Local hot spots may be present
within the refiner, such as in regions of high-shear, high-
friction contact between cellulose-rich solids and metal
plates.

[0274] In some embodiments, a hydrolysis reactor or a
refiner is configured to cause at least some liquefaction as a
result of enzymatic action on the cellulose-rich solids. “Liq-
uefaction” means partial hydrolysis of cellulose to form glu-
cose oligomers (i.e. glucan) that dissolve into solution, but
not total hydrolysis of cellulose to glucose monomers (sac-
charification). Various fractions of cellulose may be hydro-
lyzed during liquefaction. In some embodiments, the fraction
of cellulose hydrolyzed may be from about 5% to about 90%,
such as about 10% to about 75% (e.g. about 15%, 20%, 25%,
30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, or 70%). In
certain embodiments, there is no separate liquefaction tank or
reactor; liquefaction and hydrolysis occur in the same vessel
(e.g., refiner or hydrolysis reactor).

[0275] A “liquefaction-focused blend of enzymes™ means a
mixture of enzymes that includes at least one enzyme capable
ot hydrolyzing cellulose to form soluble oligomers. In some
embodiments, a liquefaction-focused blend of enzymes
includes both endoglucanases and exoglucanases. Endoglu-
canases are cellulases that attack low-crystallinity regions in
the cellulose fibers by endoaction, creating free chain-ends.
Exoglucanases or cellobiohydrolases are cellulases that
hydrolyze the 1,4-glycocidyl linkages in cellobiose.

[0276] Various cellulase enzymes may be utilized in the
liquefaction-focused blend of enzymes, such as one or more
enzymes recited in Verardi et al., “Hydrolysis of Lignocellu-
losic Biomass: Current Status of Processes and Technologies
and Future Perspectives,” Bioethanol, Prof. Marco Aurelio
Pinheiro Lima (Ed.), ISBN: 978-953-51-0008-9, InTech
(2012), which is hereby incorporated by reference.

[0277] Some embodiments employ thermotolerant
enzymes obtained from thermophilic microrganisms. The
thermophilic microrganisms can be grouped in thermophiles
(growth up to 60° C.), extreme thermophiles (65-80° C.) and
hyperthermophiles (85-110° C.). The unique stability of the
enzymes produced by these microrganisms at elevated tem-
peratures, extreme pH and high pressure (up to 1000 bar)
makes them valuable for processes at harsh conditions. Also,
thermophilic enzymes have an increased resistance to many
denaturing conditions such as the use of detergents which can
be an efficient means to obviate the irreversible adsorption of
cellulases on the substrates. Furthermore, the utilization of
high operation temperatures, which cause a decrease in vis-
cosity and an increase in the diffusion coefficients of sub-
strates, have a significant influence on the cellulose solubili-



US 2016/0244788 Al

zation. Most thermophilic cellulases do not show inhibition at
high level of reaction products (e.g. cellobiose and glucose).
As consequence, higher reaction rates and higher process
yields are expected. The high process temperature also
reduces contamination. See Table 6, “Thermostable cellu-
lases” in Verardi et al., cited above, for exemplary thermotol-
erant enzymes that may be used in the liquefaction-focused
blend of enzymes, or in other embodiments herein

[0278] In some embodiments, an enzyme is selected such
that at a high temperature, the enzyme is able to catalyze
liquefaction (partial hydrolysis) but not saccharification (total
hydrolysis). When the temperature is reduced, the same
enzyme is able to catalyze saccharification to produce glu-
cose.

[0279] When the hydrolysis process employs enzymes,
these enzymes will typically contain cellulases and hemicel-
Iulases. The cellulases here may include $-glucosidases that
convert cellooligosaccharides and disaccharide cellobiose
into glucose. There are a number of enzymes that can attack
hemicelluloses, such as glucoronide, acetylesterase, xyla-
nase, P-xylosidase, galactomannase and glucomannase.
Exemplary acid catalysts include sulfuric acid, sulfur diox-
ide, hydrochloric acid, phosphoric acid, and nitric acid.
[0280] In certain embodiments of the invention, a self-
cleaning filter is configured downstream of a hydrolysis tank
to remove cellulose fiber strands prior to sending the hydroly-
sate to a fermentor or other unit (e.g., another hydrolysis
vessel for extended hydrolysis of soluble material). The self-
cleaning filter continuously rejects solids (including cellulose
fiber strands) that may be recycled back to the first hydrolysis
vessel. For example, the cellulose fiber strands may be
recycled to a biomass cooler that feeds a viscosity-reduction
tank at the beginning of hydrolysis.

[0281] Many fluid streams contain particulate matter, and it
is often desirable to separate this particulate matter from the
fluid stream. If not separated, the particulate matter may
degrade product quality, efficiency, reduce performance, or
cause severe damage to components within the system. Many
types of filters have been designed for the purpose of remov-
ing particulate matter from fluid streams. Such filters have
typically included a filter element designed to screen the
particulate material. However, the particulate material often
becomes entrapped in the filter element. As the quantity of
particulate material, often referred to as filter cake, collects on
the filter element, the pressure drop that occurs across the
filter element increases. A pressure drop across the filter
element of sufficient magnitude can significantly reduce fluid
flow at which point the filter element must be periodically
cleaned, or replaced with a new filter. Often, this is done
manually by removing the filter element and cleaning the
filter before reinstalling it back in the system. To minimize
manual operations, filters have been designed to accomplish
continuous self-cleaning.

[0282] As intended herein, a “self-cleaning filter” should
be construed broadly to refer to self-cleaning filtration
devices, self-cleaning decanters, self-cleaning screens, self-
cleaning centrifuges, self-cleaning cyclones, self-cleaning
rotary drums, self-cleaning extruders, or other self-cleaning
separation devices.

[0283] Some self-cleaning filters use back pulsing to dis-
lodge materials or blades to scrape off caked particulate.
Some self-cleaning filters are cleaned with sprayed fluids,
such as water or air to remove the particulates. Some self-
cleaning filters utilize high pressures or forces to dislodge
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caked particulate from the filter. Some self-cleaning filters
employ a moving (e.g., rotating) filter design wherein par-
ticulates are continuously filtered and removed due to cen-
trifugal force or other forces. Many self-cleaning filters are
available commercially.

[0284] Also see, for example, U.S. Pat. No. 4,552,655,
issued Nov. 12, 1985 and U.S. Pat. No. 8,529,661, issued Sep.
10,2013, which are hereby incorporated by reference as prior
art for self-cleaning filters.

[0285] As intended herein, “cellulose fiber strands™ gener-
ally refer to relatively large, non-soluble cellulose-containing
particles in the form of individual fibers or bundles of fibers.
Cellulose fiber strands, without limitation, may have lengths
or effective lengths in the range of about 0.1 mm to about 10
mm, such as about 0.5 mm to about 5 mm. Some fiber strand
bundles may have very large length or particle size, such as
about 10 mm or more. The principles of the invention may be
applied to smaller cellulose particles, with length or particle
size less than 0.1 mm, as long as the particles can be captured
by a self-cleaning filter.

[0286] In some embodiments, the composition of some
cellulose fiber strands may be similar to the composition of
the starting biomass material, such as when large particles
were not effectively pretreated in the digestor.

[0287] In some embodiments, a self-cleaning filter is con-
figured downstream of an enzymatic hydrolysis unit to
remove cellulosic fiber strands. The self-cleaning filter is
preferably operated continuously. The cellulosic fiber strands
may be recycled back to one or more of the one or more
enzymatic hydrolysis units, for further cellulose hydrolysis.

[0288] Insomeembodiments of the invention, a self-clean-
ing filter is configured downstream of the enzymatic lique-
faction unit to remove cellulosic fiber strands. In these or
other embodiments, a self-cleaning filter is configured down-
stream of the first enzymatic hydrolysis unit to remove cellu-
losic fiber strands. In these or other embodiments, a self-
cleaning filter is configured downstream of the second
enzymatic hydrolysis unit to remove cellulosic fiber strands.
[0289] Atleast a portion of the cellulosic fiber strands may
be recycled back to the enzymatic liquefaction unit or to
vessel or heat exchanger that feeds into the enzymatic lique-
faction unit. Alternatively, or additionally, at least a portion of
the cellulosic fiber strands are recycled back to the first enzy-
matic hydrolysis unit or to vessel or heat exchanger that feeds
into the first enzymatic hydrolysis unit. Alternatively, or addi-
tionally, at least a portion of the cellulosic fiber strands are
recycled back to the digestor and/or to one of the mechanical
refiners.

[0290] Generally speaking, the enzymatic hydrolysis that
follows the hydrothermal-mechanical process should be opti-
mized for the biomass type, the capital cost of tanks versus
solids content, energy integration with the rest of the plant,
and enzyme cost versus sugar yield. For each commercial
implementation, one skilled in the art may carry out a design
of experiments in cooperation with an enzyme supplier, or in
conjunction with on-site enzyme production. In some
embodiments, a process disclosed herein is retrofitted to an
existing digestor, and existing refiner, an existing hydrolysis
reactor, and/or an existing fermentation system. Such a ret-
rofit needs to adapt to site constraints.

[0291] The process may further include removal of one or
more fermentation inhibitors by stripping. This stripping may
be conducted following step (e), i.e. treating the hydrolyzed
cellulose stream, prior to fermentation. Alternatively, or addi-
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tionally, the stripping may be conducted on a stream follow-
ing digestion, such as in the blow line, or as part of an acetic
acid recycle system.

[0292] The process may further include a step of ferment-
ing the fermentable sugars to a fermentation product. Typi-
cally the process will further include concentration and puri-
fication of the fermentation product. The fermentation
product may be selected from ethanol, n-butanol, 1,4-butane-
diol, succinic acid, lactic acid, or combinations thereof, for
example. The lignin may be combusted for energy produc-
tion.

[0293] Some embodiments further include removing a
solid stream containing lignin following prior to fermentation
of'the fermentable sugars. In these or other embodiments, the
process may further include removing a solid stream contain-
ing lignin following fermentation of the fermentable sugars.
The lignin may be combusted or used for other purposes.
[0294] Some variations described herein are premised on
the design of process options to increase the yield of ethanol
production (or other fermentation product). Some process
configurations include sending digested pulp, after a hot blow
but before any mechanical refining, to continuous enzymatic
hydrolysis. The enzymatic hydrolysis may be configured in
one step (liquefaction and saccharification in one vessel) or
two steps (tanks) in series. The different vessels may be
designed/operated as continuous stirred tank reactors. The
material (liquid and solid) from the enzymatic hydrolysis
may undergo a solid/liquid separation, wherein the liquid
phase containing C and C sugars is sent to fermentation. The
solid phase may be sent to an atmospheric pulp refiner
wherein further deconstruction of the non-hydrolyzed fiber
(solid phase) is achieved by adjusting the refiner power load
and physical parameters (e.g., dimensions of gaps or
grooves). Next, the refined fiber is sent to another enzymatic
hydrolysis unit or is recycled back to the primary hydrolysis
unit. These embodiments may increase enzymatic hydrolysis
yield by recycling more deconstructed fiber, and/or increase
fiber digestibility to fermentation microorganisms which
translates into higher ethanol yield. Less solids sent to fer-
mentation translates to higher fermentation yield. A cleaner
fermentation beer which will produce less fouling of the beer
column.

[0295] Insome variations, a process for producing ferment-
able sugars from cellulosic biomass comprises:

[0296] (a) providing a feedstock comprising cellulosic bio-
mass;
[0297] (b) digesting the feedstock with a reaction solution

including steam and/or hot water in a digestor under effective
reaction conditions to produce a digested stream containing
cellulose-rich solids, hemicellulose oligomers, and lignin;
[0298] (c) reducing pressure of the digested stream;
[0299] (d) introducing the digested stream to an enzymatic
hydrolysis unit under effective hydrolysis conditions to pro-
duce a liquid phase comprising sugars from the cellulose-rich
solids and optionally from the hemicellulose oligomers, and a
solid phase comprising the cellulose-rich solids;

[0300] (e) separating the liquid phase and the solid phase
from step (d);
[0301] (f) conveying the solid phase through a mechanical

refiner, thereby generating a refined stream with reduced
average particle size of the cellulose-rich solids;

[0302] (g) recycling the refined stream to the enzymatic
hydrolysis unit, to produce additional sugars from the cellu-
lose-rich solids contained in the solid phase from step (d); and
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[0303] (h) recovering or further processing at least some of
the sugars and at least some of the additional sugars as fer-
mentable sugars.

[0304] Other variations provide a process for producing
fermentable sugars from cellulosic biomass, the process com-
prising:

[0305] (a) providing a feedstock comprising cellulosic bio-
mass;
[0306] (b) digesting the feedstock with a reaction solution

including steam and/or hot water in a digestor under effective
reaction conditions to produce a digested stream containing
cellulose-rich solids, hemicellulose oligomers, and lignin;
[0307] (c) reducing pressure of the digested stream;
[0308] (d) introducing the digested stream to a first enzy-
matic hydrolysis unit under effective hydrolysis conditions to
produce a liquid phase comprising sugars from the cellulose-
rich solids and optionally from the hemicellulose oligomers,
and a solid phase comprising the cellulose-rich solids;

[0309] (e) separating the liquid phase and the solid phase
from step (d);
[0310] (f) conveying the solid phase through a mechanical

refiner, thereby generating a refined stream with reduced
average particle size of the cellulose-rich solids;

[0311] (g) recycling the refined stream to a second enzy-
matic hydrolysis unit, to produce additional sugars from the
cellulose-rich solids contained in the solid phase from step
(d); and

[0312] (h) recovering or further processing at least some of
the sugars and/or the additional sugars as fermentable sugars.
[0313] Some variations provide a process for producing
fermentable sugars from cellulosic biomass, the process com-
prising:

[0314] (a) providing a feedstock comprising cellulosic bio-
mass;
[0315] (b) digesting the feedstock with a reaction solution

including steam and/or hot water in a digestor under effective
reaction conditions to produce a digested stream containing
cellulose-rich solids, hemicellulose oligomers, and lignin;

[0316] (c) optionally conveying the digested stream
through a mechanical refiner, thereby generating a refined
stream with reduced average particle size of the cellulose-rich
solids;

[0317] (d) introducing the digested stream and/or (if step
(c) is conducted) the refined stream to an enzymatic hydroly-
sis unit under effective hydrolysis conditions to produce a
sugar-containing hydrolysate;

[0318] (e) evaporating the hydrolysate using a multiple-
effect evaporator or a mechanical vapor compression evapo-
rator, to produce a concentrated hydrolysate;

[0319] (f) fermenting the concentrated hydrolysate to pro-
duce a dilute fermentation product; and

[0320] (g) concentrating the dilute fermentation product to
produce a concentrated fermentation product.

[0321] Step (d) may be conducted at a solids concentration
from about 5 wt % to about 25 wt %, such as about 10 wt %,
15 wt %, or 20 wt %.

[0322] Step (g) may utilize distillation, which generates a
distillation bottoms stream. In some embodiments, the distil-
lation bottoms stream is evaporated in a distillation bottoms
evaporator that is integrated with step (e) in a multiple-effect
evaporator train. The distillation bottoms evaporator may
provide lignin-rich combustion fuel.
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[0323] Suspended solids (lignin or other solids) may be
removed prior to step (e). In some embodiments, suspended
solids are during or after step (e) and prior to the distillation
bottoms evaporator.

[0324] The concentrated fermentation product may be
selected from ethanol, n-butanol, isobutanol, 1,4-butanediol,
succinic acid, lactic acid, or combinations thereof, for
example. In certain embodiments, the concentrated fermen-
tation product is ethanol.

[0325] In some embodiments, the process includes wash-
ing the cellulose-rich solids using an aqueous wash solution,
to produce a wash filtrate; and optionally combining at least
some of the wash filtrate with the extract liquor. In some of
these embodiments, the process further includes pressing the
cellulose-rich solids to produce the washed cellulose-rich
solids and a press filtrate; and optionally combining at least
some of the press filtrate with the extract liquor.

[0326] The process may include countercurrent washing,
such as in two, three, four, or more washing stages. The
separation/washing may be combined with the application of
enzymes, in various ways.

[0327] Two hydrolysis catalysts may be utilized in series.
In some embodiments, a first hydrolysis catalyst includes
cellulases. In some embodiments, a second hydrolysis cata-
lyst includes hemicellulases. In other embodiments, the first
hydrolysis catalyst and the second hydrolysis catalyst are acid
catalysts, base catalysts, ionic liquids, solid catalysts, or other
effective materials. The first hydrolysis catalyst may be the
same as, or different than, the second hydrolysis catalyst.

[0328] Insome embodiments, the glucose is recovered in a
separate stream from the hemicellulose monomers. In other
embodiments, the glucose and the hemicellulose monomers
are recovered in the same stream. The process may include
fermentation of the glucose and/or the fermentable hemicel-
Iulose sugars to a fermentation product.

[0329] Insomeembodiments, the process starts as biomass
is received or reduced to a desired particle size. In a first step
of the process, the biomass is fed (e.g., from a feed bin) to a
pressurized extraction vessel operating continuously or in
batch mode. The biomass may first be steamed or water-
washed to remove dirt and entrained air. The biomass is
immersed with aqueous liquor or saturated vapor and heated
to a temperature between about 100° C. to about 250° C., for
example 150°C., 160°C., 170° C., 180° C., 190° C., 200° C.,
or 210° C. Preferably, the biomass is heated to about 180° C.
to 210° C.

[0330] The pressure in the pressurized vessel may be
adjusted to maintain the aqueous liquor as a liquid, a vapor, or
acombination thereof. Exemplary pressures are about 1 barto
about 30 bar, such as about 3 bar, 5 bar, 10 bar, or 15 bar.

[0331] The solid-phase residence time for the digestor
(pressurized extraction vessel) may vary from about 2 min-
utes to about 4 hours, such as about 5 minutes to about 1 hour.
In certain embodiments, the digestor residence time is con-
trolled to be about 5 to 15 minutes, such as 5,6,7,8,9,10,11,
12,13, 14 or 15 minutes. The liquid-phase residence time for
the digestor may vary from about 2 minutes to about 4 hours,
such as about 5 minutes to about 1 hour. The vapor-phase
residence time for the digestor may vary from about 1 minute
to about 2 hours, for example, such as about 3 minutes to
about 30 minutes. The solid-phase, liquid-phase, and vapor-
phase residence times may all be about the same, or they may
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be independently controlled according to reactor-engineering
principles (e.g., recycling and internal recirculation strate-
gies).

[0332] The aqueous liquor may contain acidifying com-
pounds, such as (but not limited to) sulfuric acid, sulfurous
acid, sulfur dioxide, acetic acid, formic acid, or oxalic acid, or
combinations thereof. The dilute acid concentration (if any)
can range from 0.01 wt % to 10 wt % as necessary to improve
solubility of particular minerals, such as potassium, sodium,
or silica. Preferably, the acid concentration is selected from
about 0.01 wt % to 4 wt %, such as 0.1 wt %, 0.5 wt %, or 1
wt %.

[0333] A second step may include depressurization of the
extracted biomass into a blow tank or other tank or unit. The
vapor can be used for heating the incoming biomass or cook-
ing liquor, directly or indirectly. The volatilized organic acids
(e.g., acetic acid), which are generated or included in the
cooking step, may be recycled back to the cooking.

[0334] A third step may include mechanically refining the
extracted biomass. This step (using, for example, a blow-line
refiner) may be done before or after depressurization.
[0335] Optionally, refined solids may be washed. The
washing may be accomplished with water, recycled conden-
sates, recycled permeate, or a combination thereof. Washing
typically removes most of the dissolved material, including
hemicelluloses and minerals. The final consistency of the
dewatered cellulose-rich solids may be increased to 30% or
more, preferably to 50% or more, using a mechanical press-
ing device. The mechanical pressing device may be integrated
with the mechanical refiner, to accomplish combined refining
and washing.

[0336] A fourth step may include hydrolyzing the extracted
chips with enzymes to convert some of the cellulose to glu-
cose. When enzymes are employed for the cellulose hydroly-
sis, the enzymes preferably include cellulase enzymes.
Enzymes may be introduced to the extracted chips along with
water, recycled condensates, recycled permeate, additives to
adjust pH, additives to enhance hydrolysis (such as lignosul-
fonates), or combinations thereof.

[0337] Some or all of the enzymes may be added to the
blow line before or at the blow-line refiner, for example, to
assist in enzyme contact with fibers. In some embodiments, at
least a portion of enzymes are recycled in a batch or continu-
ous process.

[0338] When an acid is employed for the cellulose hydroly-
sis, the acid may be selected from sulfuric acid, sulfurous
acid, sulfur dioxide, formic acid, acetic acid, oxalic acid, or
combinations thereof. Acids may be added to the extracted
chips before or after mechanical refining. In some embodi-
ments, dilute acidic conditions are used at temperatures
between about 100° C. and 190° C., for example about 120°
C., 130° C., 140° C., 150° C., 160° C., or 170° C., and
preferably from 120° C. to 150° C. In some embodiments, at
least a portion of the acid is recycled in a batch or continuous
process.

[0339] The acid may be selected from sulfuric acid, sulfu-
rous acid, or sulfur dioxide. Alternatively, or additionally, the
acid may include formic acid, acetic acid, or oxalic acid from
the cooking liquor or recycled from previous hydrolysis.
[0340] A fifth step may include conditioning of hydrolysate
to remove some or most of the volatile acids and other fer-
mentation inhibitors. The evaporation may include flashing
or stripping to remove sulfur dioxide, if present, prior to
removal of volatile acids. The evaporation step is preferably
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performed below the acetic acid dissociation pH of 4.8, and
most preferably a pH selected from about 1 to about 2.5. In
some embodiments, additional evaporation steps may be
employed. These additional evaporation steps may be con-
ducted at different conditions (e.g., temperature, pressure,
and pH) relative to the first evaporation step.

[0341] In some embodiments, some or all of the organic
acids evaporated may be recycled, as vapor or condensate, to
the first step (cooking step) to assist in the removal of hemi-
celluloses or minerals from the biomass. This recycle of
organic acids, such as acetic acid, may be optimized along
with process conditions that may vary depending on the
amount recycled, to improve the cooking effectiveness.
[0342] A sixth step may include recovering fermentable
sugars, which may be stored, transported, or processed. A
sixth step may include fermenting the fermentable sugarsto a
product, as further discussed below.

[0343] A seventh step may include preparing the solid
residuals (containing lignin) for combustion. This step may
include refining, milling, fluidizing, compacting, and/or pel-
letizing the dried, extracted biomass. The solid residuals may
be fed to a boiler in the form of fine powder, loose fiber,
pellets, briquettes, extrudates, or any other suitable form.
Using known equipment, solid residuals may be extruded
through a pressurized chamber to form uniformly sized pel-
lets or briquettes.

[0344] In some embodiments, the fermentable sugars are
recovered from solution, in concentrated form. In some
embodiments, the fermentable sugars are fermented to pro-
duce of biochemicals or biofuels such as (but by no means
limited to) ethanol, 1-butanol, isobutanol, acetic acid, lactic
acid, or any other fermentation products. A purified fermen-
tation product may be produced by distilling the fermentation
product, which will also generate a distillation bottoms
stream containing residual solids. A bottoms evaporation
stage may be used, to produce residual solids.

[0345] Following fermentation, residual solids (such as dis-
tillation bottoms) may be recovered, or burned in solid or
slurry form, or recycled to be combined into the biomass
pellets. Use of the fermentation residual solids may require
further removal of minerals. Generally, any leftover solids
may beused for burning, after concentration of the distillation
bottoms.

[0346] Alternatively, or additionally, the process may
include recovering the residual solids as a fermentation co-
product in solid, liquid, or slurry form. The fermentation
co-product may beused as a fertilizer or fertilizer component,
since it will typically be rich in potassium, nitrogen, and/or
phosphorous.

[0347] In certain embodiments, the process further com-
prises combining, at a pH of about 4.8 to 10 or higher, a
portion of vaporized acetic acid with an alkali oxide, alkali
hydroxide, alkali carbonate, and/or alkali bicarbonate,
wherein the alkali is selected from the group consisting of
potassium, sodium, magnesium, calcium, and combinations
thereof, to convert the portion of the vaporized acetic acid to
an alkaline acetate. The alkaline acetate may be recovered. If
desired, purified acetic acid may be generated from the alka-
line acetate.

[0348] Insome variations, fermentation inhibitors are sepa-
rated from a biomass-derived hydrolysate, such as by the
following steps:

[0349] (a) providing a biomass-derived liquid hydrolysate
stream comprising a fermentation inhibitor;

Aug. 25,2016

[0350] (b) introducing the liquid hydrolysate stream to a
stripping column;

[0351] (c) introducing a steam-rich vapor stream to the
stripping column to strip at least a portion of the fermentation
inhibitor from the liquid hydrolysate stream;

[0352] (d) recovering, from the stripping column, a
stripped liquid stream and a stripper vapor output stream,
wherein the stripped liquid stream has lower fermentation
inhibitor concentration than the liquid hydrolysate stream;
[0353] (e) compressing the stripper vapor output stream to
generate a compressed vapor stream;

[0354] (f) introducing the compressed vapor stream, and a
water-rich liquid stream, to an evaporator;

[0355] (g) recovering, from the evaporator, an evaporated
liquid stream and an evaporator output vapor stream; and
[0356] (h) recycling at least a portion of the evaporator
output vapor stream to the stripping column as the steam-rich
vapor stream, or a portion thereof.

[0357] The biomass-derived hydrolysate may be the prod-
uct of acidic or enzymatic hydrolysis, or it may be the
extracted solution from the digestor, for example. In some
embodiments, the fermentation inhibitor is selected from the
group consisting of acetic acid, formic acid, formaldehyde,
acetaldehyde, lactic acid, furfural, 5-hydroxymethylfurfural,
furans, uronic acids, phenolic compounds, sulfur-containing
compounds, and combinations or derivatives thereof.

[0358] In some embodiments, the water-rich liquid stream
contains biomass solids that are concentrated in the evapora-
tor. These biomass solids may be derived from the same
biomass feedstock as is the biomass-derived liquid hydroly-
sate, in an integrated process.

[0359] Optionally, the fermentation inhibitor is recycled to
a previous unit operation (e.g., digestor or reactor) for gener-
ating the biomass-derived liquid hydrolysate stream, to assist
with hydrolysis or pretreatment of a biomass feedstock or
component thereof. For example, acetic acid may be recycled
for this purpose, to aid in removal of hemicelluloses from
biomass and/or in oligomer hydrolysis to monomer sugars.
[0360] Some variations provide a process for separating
fermentation inhibitors from a biomass-derived hydrolysate,
the process comprising:

[0361] (a) providing a biomass-derived liquid hydrolysate
stream comprising a fermentation inhibitor;

[0362] (b) introducing the liquid hydrolysate stream to a
stripping column;

[0363] (c) introducing a steam-rich vapor stream to the
stripping column to strip at least a portion of the fermentation
inhibitor from the liquid hydrolysate stream;

[0364] (d) recovering, from the stripping column, a
stripped liquid stream and a stripper vapor output stream,
wherein the stripped liquid stream has lower fermentation
inhibitor concentration than the liquid hydrolysate stream;
[0365] (e) introducing the stripper vapor output stream, and
a water-rich liquid stream, to an evaporator;

[0366] (f) recovering, from the evaporator, an evaporated
liquid stream and an evaporator output vapor stream;

[0367] (g) compressing the evaporator output vapor stream
to generate a compressed vapor stream; and

[0368] (h) recycling at least a portion of the compressed
vapor stream to the stripping column as the steam-rich vapor
stream, or a portion thereof.

[0369] Insomeembodiments, the evaporator is a boiler, the
water-rich liquid stream comprises boiler feed water, and the
evaporated liquid stream comprises boiler condensate.
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[0370] The process may be continuous, semi-continuous,
or batch. When continuous or semi-continuous, the stripping
column may be operated countercurrently, cocurrently, or a
combination thereof.

[0371] In certain variations, a process for separating and
recovering a fermentation inhibitor from a biomass-derived
hydrolysate comprises:

[0372] (a) providing a biomass-derived liquid hydrolysate
stream comprising a fermentation inhibitor;

[0373] (b) introducing the liquid hydrolysate stream to a
stripping column;

[0374] (c) introducing a steam-rich vapor stream to the
stripping column to strip at least a portion of the fermentation
inhibitor from the liquid hydrolysate stream;

[0375] (d) recovering, from the stripping column, a
stripped liquid stream and a stripper vapor output stream,
wherein the stripped liquid stream has lower fermentation
inhibitor concentration than the liquid hydrolysate stream;
[0376] (e) introducing the stripper vapor output stream, and
a water-rich liquid stream, to a rectification column;

[0377] (f) recovering, from the rectification column, a rec-
tified liquid stream and a rectification column vapor stream,
wherein the rectified liquid stream has higher fermentation
inhibitor concentration than the liquid hydrolysate stream;
and

[0378] (g) recycling at least a portion of the rectification
column vapor stream to the stripping column as the steam-
rich vapor stream, or a portion thereof.

[0379] The fermentation inhibitor may be selected from the
group consisting of acetic acid, formic acid, formaldehyde,
acetaldehyde, lactic acid, furfural, 5-hydroxymethylfurfural,
furans, uronic acids, phenolic compounds, sulfur-containing
compounds, and combinations or derivatives thereof. In some
embodiments, the fermentation inhibitor comprises or con-
sists essentially of acetic acid.

[0380] In the case of acetic acid, the stripped liquid stream
preferably has less than 10 g/L acetic acid concentration, such
as less than 5 g/L. acetic acid concentration. The rectification
column vapor stream preferably has less than 0.5 g/IL acetic
acid concentration, such as less than 0.1 g/L. acetic acid con-
centration. The rectified liquid stream preferably has at least
25 g/L acetic acid concentration, such as about 40 g/[. or more
acetic acid. In some embodiments, the rectified liquid stream
has at least 10 times higher concentration of acetic acid com-
pared to the stripped liquid stream. In certain embodiments,
the process further comprises recovering the acetic acid con-
tained in the rectified liquid stream using liquid-vapor extrac-
tion or liquid-liquid extraction.

[0381] In some embodiments, the water-rich liquid stream
includes evaporator condensate. The evaporator condensate
may be derived from an evaporator in which biomass solids
are concentrated, and the biomass solids may be derived from
the same biomass feedstock as the biomass-derived liquid
hydrolysate, in an integrated process.

[0382] Optionally, the fermentation inhibitor (e.g., acetic
acid) is recycled to a previous unit operation for generating
the biomass-derived liquid hydrolysate stream, to assist with
hydrolysis or pretreatment of a biomass feedstock or compo-
nent thereof.

[0383] The process may be continuous, semi-continuous,
or batch. When continuous or semi-continuous, the stripping
column may be operated countercurrently, cocurrently, or a
combination thereof. The rectification column may be oper-
ated continuously or in batch.
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[0384] In various embodiments, step (g) comprises com-
pressing and/or conveying the rectification column vapor
stream using a device selected from the group consisting of a
mechanical centrifugal vapor compressor, a mechanical axial
vapor compressor, a thermocompressor, an ejector, a diffu-
sion pump, a turbomolecular pump, and combinations
thereof.

[0385] If desired, a base or other additive may be included
in the water-rich liquid stream, or separately introduced to the
rectification column, to produce salts or other reaction prod-
ucts derived from fermentation inhibitors. In some embodi-
ments, the water-rich liquid stream includes one or more
additives capable of reacting with the fermentation inhibitor.
In certain embodiments, the fermentation inhibitor includes
acetic acid, and the one or more additives include a base. An
acetate salt may then be generated within the rectification
column, or in a unit coupled to the rectification column.
Optionally, the acetate salt may be separated and recovered
using liquid-vapor extraction or liquid-liquid extraction.
[0386] A product-by-process is provided by the present
invention. That is, some embodiments provide a product,
such as ethanol, produced by any of the disclosed processes.
[0387] It should be noted that some embodiments utilize a
business system in which steps of a selected process are
practiced at different sites and potentially by different corpo-
rate entities, acting in conjunction with each other in some
manner, such as in a joint venture, an agency relationship, a
toll producer, a customer with restricted use of product, etc.
For example, biomass may be digested and refined by hydro-
thermal-mechanical steps as described herein, and the refined
cellulose-rich solids may be transported to another site for
enzymatic hydrolysis to sugars and then fermentation to etha-
nol. Or the biomass may be digested and refined by hydro-
thermal-mechanical steps and hydrolyzed by enzymes, and
then the hydrolysate is transported to another site (such as a
first-generation ethanol plant) to be fermented to ethanol.
[0388] Some variations of the invention are known as
GreenPower3+™ technology or GP3+™ technology (trade-
marks of API Intellectual Property Holdings, LL.C), com-
monly assigned with the assignee of this patent application.
[0389] Inthis detailed description, reference has been made
to multiple embodiments of the invention and non-limiting
examples relating to how the invention can be understood and
practiced. Other embodiments that do not provide all of the
features and advantages set forth herein may be utilized,
without departing from the spirit and scope of the present
invention. This invention incorporates routine experimenta-
tion and optimization of the methods and systems described
herein. Such modifications and variations are considered to
be within the scope of the invention defined by the claims.
[0390] All publications, patents, and patent applications
cited in this specification are herein incorporated by reference
in their entirety as if each publication, patent, or patent appli-
cation were specifically and individually put forth herein.
[0391] Where methods and steps described above indicate
certain events occurring in certain order, those of ordinary
skill in the art will recognize that the ordering of certain steps
may be modified and that such modifications are in accor-
dance with the variations of the invention. Additionally, cer-
tain of the steps may be performed concurrently in a parallel
process when possible, as well as performed sequentially.
[0392] Therefore, to the extent there are variations of the
invention, which are within the spirit of the disclosure or
equivalent to the inventions found in the appended claims, it
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is the intent that this patent will cover those variations as well.
The present invention shall only be limited by what is
claimed.

EXAMPLE

[0393] Corn stover is subjected to the process according to
some embodiments. The composition of the corn stover is as
follows:

[0394] Glucan 42.9 wt %

[0395] Xylan 21.2 wt %

[0396] Galactan 1.2 wt %

[0397] Arabinan 2.2 wt %

[0398] Mannan 0.2 wt %

[0399] Lignin 23.4 wt %

[0400] Ash3.1wt%

[0401] The cook (digestor) conditions include a digestor

temperature of 183° C. and a digestor residence time of 22
minutes. Following the chemical reaction in the digestor,
light mechanical refining is carried out on the digested mate-
rial, without separation of solid and liquid. The mechanical
refining employs an atmospheric bench refiner (0.5 mm gap,
1 pass).

[0402] Thedigested material is then subjected to enzymatic
hydrolysis. The slurry concentration is about 10 wt % total
solids. A commercially available cellulase enzyme cocktail is
used, at an enzyme dose of 2.25 wt % on biomass. The pH
during enzymatic hydrolysis is in the 4.8-5.3 range. The tem-
perature during enzymatic hydrolysis is 54° C., and the
hydrolysis is carried out for 72 hours to obtain a liquid
hydrolysate.

[0403] The liquid hydrolysate is then fermented using a
commercially available ethanol-producing yeast. The initial
pitch is 0.4 g dry yeast per liter of the time-final fermentation
broth. Fed-batch fermentation is employed, with a 20-hour
feed time. The total fermentation time is 36 hours, including
the fed-batch fill time. Ammonia base is used and the pH is
controlled to 6.0. No fermentation nutrients are added during
fermentation.

[0404] The liquid hydrolysate is fermented to ethanol with
82% theoretical fermentation yield, based on total monomers
in the liquid hydrolysate fed to the fermentor. The calculated
yield of ethanol is this experiment is about 57 gallons ethanol
per dry ton of starting biomass (corn stover).

What is claimed is:

1. A process to produce a fermentation product from ligno-

cellulosic biomass, said process comprising:

(a) introducing a lignocellulosic biomass feedstock to a
single-stage digestor, wherein said feedstock contains
cellulose, hemicellulose, and lignin;

(b) exposing said feedstock to a reaction solution compris-
ing steam or liquid hot water within said digestor, to
solubilize at least a portion of said hemicellulose in a
liquid phase and to provide a cellulose-rich solid phase;

(c) refining said cellulose-rich solid phase, together with
said liquid phase, in a mechanical refiner to reduce aver-
age particle size of said cellulose-rich solid phase,
thereby providing a mixture comprising refined cellu-
lose-rich solids and said liquid phase;

(d) enzymatically hydrolyzing said mixture in a hydrolysis
reactor with cellulase enzymes, to generate fermentable
sugars from said mixture, wherein said hydrolysis reac-
tor includes one or more hydrolysis stages; and

(e) fermenting at least some of said fermentable sugars in a
fermentor to produce a fermentation product.
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2. The process of claim 1, wherein said lignocellulosic
biomass feedstock is selected from the group consisting of
hardwoods, softwoods, sugarcane bagasse, sugarcane straw,
energy cane, corn stover, corn cobs, corn fiber, and combina-
tions thereof.

3. The process of claim 1, wherein said lignocellulosic
biomass feedstock is pretreated, prior to step (a), using one or
more techniques selected from the group consisting of clean-
ing, washing, presteaming, drying, milling, particle size-clas-
sifying, and combinations thereof.

4. The process of claim 1, wherein at least a portion of said
reaction solution is introduced to said feedstock in a pre-
impregnator prior to step (b).

5. The process of claim 1, wherein step (b) includes a
digestor residence time from about 2 minutes to about 4
hours.

6. The process of claim 5, wherein said digestor residence
time is about 10 minutes or less.

7. The process of claim 1, wherein step (b) includes a
digestor temperature from about 150° C. to about 220° C.

8. The process of claim 7, wherein said digestor tempera-
ture is from about 180° C. to about 200° C.

9. The process of claim 1, wherein step (b) is conducted at
a digestor liquid-solid weight ratio from about 1 to about 4.

10. The process of claim 9, wherein said digestor liquid-
solid weight ratio is about 2 or less.

11. The process of claim 1, wherein step (b) is conducted at
a digestor pH from about 3 to about 5.

12. The process of claim 11, wherein said digestor pH is
from about 3.5 to about 4.5.

13. The process of claim 1, wherein said reaction solution
further comprises an acid.

14. The process of claim 13, wherein said acid is acetic
acid.

15. The process of claim 1, said process employing a blow
tank configured for receiving said cellulose-rich solid phase
or said refined cellulose-rich solids at a pressure lower than
digestor pressure.

16. The process of claim 15, wherein said blow tank is
disposed downstream of said digestor and upstream of said
mechanical refiner.

17. The process of claim 15, wherein said blow tank is
disposed downstream of said digestor and downstream of'said
mechanical refiner.

18. The process of claim 15, wherein vapor is separated
from said blow tank.

19. The process of claim 18, wherein heat is recovered from
at least some of said vapor.

20. The process of claim 18, wherein at least some of said
vapor is condensed or compressed and returned to said
digestor.

21. The process of claim 1, wherein a first blow tank is
disposed upstream of said mechanical refiner and a second
blow tank is disposed downstream of said mechanical refiner.

22. The process of claim 1, wherein said mechanical refiner
is selected from the group consisting of a hot-blow refiner, a
hot-stock refiner, a blow-line refiner, a disk refiner, a conical
refiner, a cylindrical refiner, an in-line defibrator, an extruder,
a homogenizer, and combinations thereof.

23. The process of claim 1, wherein said mechanical refiner
is operated at a refining pressure selected from about 1 bar to
about 20 bar.

24. The process of claim 23, wherein said refining pressure
is about 3 bar or less.
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25. The process of claim 24, wherein said mechanical
refiner is operated at or about at atmospheric pressure.
25. The process of claim 1, wherein said mechanical refiner
operates at an electrical load from about 2 kW to about SOkW
refining power per ton of said cellulose-rich solid phase.
26. The process of claim 25, wherein said mechanical
refiner operates at an electrical load from about 5 kW to about
20 kW refining power per ton of said cellulose-rich solid
phase.
27. The process of claim 1, wherein said mechanical refiner
transfers up to about 500 kW-hr refining energy per ton of said
cellulose-rich solid phase.
28. The process of claim 27, wherein said mechanical
refiner transfers from about 50 kW-hr to about 200 kW-hr
refining energy per ton of said cellulose-rich solid phase.
29. The process of claim 1, said process comprising utiliz-
ing multiple mechanical refiners at different parts of said
process.
30. The process of claim 29, said process comprising,
between steps (¢) and (d), conveying at least a portion of said
mixture to a second mechanical refiner operated at a lower
refining pressure compared to that of said mechanical refiner
in step (c).
31. The process of claim 30, wherein said mechanical
refiner in step (c) is a pressurized refiner and said second
mechanical refiner is an atmospheric refiner.
32. The process of claim 1, wherein step (d) utilizes mul-
tiple enzymatic-hydrolysis reactors.
33. The process of claim 1, wherein step (d) utilizes single-
stage enzymatic hydrolysis configured for cellulose liquefac-
tion and saccharification, wherein said single-stage enzy-
matic hydrolysis includes one or more tanks or vessels.
34. The process of claim 1, wherein step (d) utilizes mul-
tiple-stage enzymatic hydrolysis configured for cellulose lig-
uefaction followed by saccharification, wherein each stage
includes one or more tanks or vessels.
35. The process of claim 34, said process further compris-
ing additional mechanical refining of said mixture, or a par-
tially hydrolyzed form thereof, following at least a first stage
of enzymatic hydrolysis.
36. The process of claim 34, said process further compris-
ing:
introducing said mixture to a first enzymatic-hydrolysis
reactor under effective hydrolysis conditions to produce
aliquid hydrolysate comprising sugars from said refined
cellulose-rich solids and optionally from said hemicel-
Iulose, and a residual cellulose-rich solid phase;

optionally separating at least some of said liquid hydroly-
sate from said residual cellulose-rich solid phase;

conveying said residual cellulose-rich solid phase through
an additional mechanical refiner and/or recycling said
residual cellulose-rich solid phase through said
mechanical refiner, to generate refined residual cellu-
lose-rich solids; and

introducing said refined residual cellulose-rich solids to a

second enzymatic-hydrolysis reactor under effective
hydrolysis conditions, to produce additional sugars.

37. The process of claim 1, wherein a self-cleaning filter is
configured downstream of said hydrolysis reactor to remove
cellulosic fiber strands.

38. The process of claim 37, wherein said cellulosic fiber
strands are recycled back to said hydrolysis reactor.
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39. The process of claim 1, wherein cellulase enzymes are
introduced directly to said mechanical refiner or to said cel-
Iulose-rich solid phase prior to step (c).

40. The process of claim 39, wherein said mechanical
refiner is operated at a maximum temperature of 75° C. or less
to maintain effective hydrolysis conditions.

41. The process of claim 1, wherein step (d) includes enzy-
matic hydrolysis of hemicellulose oligomers to generate fer-
mentable monomer sugars.

42. The process of claim 1, wherein step (e) includes enzy-
matic hydrolysis of hemicellulose oligomers to generate fer-
mentable monomer sugars within said fermentor.

43. The process of claim 42, wherein at least a portion of
said fermentable monomer sugars are also fermented to pro-
duce said fermentation product.

44. The process of claim 1, said process further comprising
removal of one or more fermentation inhibitors.

45. The process of claim 1, said process further comprising
concentrating said fermentation product by distillation.

46. The process of claim 45, wherein said distillation gen-
erates a distillation bottoms stream, and wherein said distil-
lation bottoms stream is evaporated in a distillation bottoms
evaporator that is a mechanical vapor compression evaporator
or is integrated in a multiple-effect evaporator train.

47. The process of claim 1, wherein said fermentation
product is selected from the group consisting of ethanol,
isopropanol, acetone, n-butanol, isobutanol, 1,4-butanediol,
succinic acid, lactic acid, and combinations thereof.

48. The process of claim 47, wherein said fermentation
product is ethanol.

49. A process to produce a fermentation product from
lignocellulosic biomass, said process comprising:

(a) introducing a lignocellulosic biomass feedstock to a
digestor, wherein said feedstock contains cellulose,
hemicellulose, and lignin;

(b) exposing said feedstock to a reaction solution compris-
ing steam or liquid hot water within said digestor, to
solubilize at least a portion of said hemicellulose in a
liquid phase and to provide a cellulose-rich solid phase;

(c) separating at least a portion of said liquid phase from
said cellulose-rich solid phase;

(d) mechanically refining said cellulose-rich solid phase to
reduce average particle size, thereby providing refined
cellulose-rich solids;

(e) enzymatically hydrolyzing said refined cellulose-rich
solids in a hydrolysis reactor with cellulase enzymes, to
generate fermentable sugars;

() hydrolyzing said hemicellulose in said liquid phase,
separately from step (e), to generate fermentable hemi-
cellulose sugars; and

(g) fermenting at least some of said fermentable sugars,
and optionally at least some of said fermentable hemi-
cellulose sugars, in a fermentor to produce a fermenta-
tion product.

50. A process to produce a fermentation product from

lignocellulosic biomass, said process comprising:

(a) introducing a lignocellulosic biomass feedstock to a
digestor, wherein said feedstock contains cellulose,
hemicellulose, and lignin;

(b) exposing said feedstock to a reaction solution compris-
ing steam or liquid hot water within said digestor, to
solubilize at least a portion of said hemicellulose in a
liquid phase and to provide a cellulose-rich solid phase;
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(c) mechanically refining said cellulose-rich solid phase to
reduce average particle size, thereby providing refined
cellulose-rich solids mixed with said liquid phase;

(d) separating at least a portion of said liquid phase from
said refined cellulose-rich solids;

(e) enzymatically hydrolyzing said refined cellulose-rich
solids in a hydrolysis reactor with cellulase enzymes, to
generate fermentable sugars;

() hydrolyzing said hemicellulose in said liquid phase,
separately from step (e), to generate fermentable hemi-
cellulose sugars; and

(g) fermenting at least some of said fermentable sugars,
and optionally at least some of said fermentable hemi-
cellulose sugars, in a fermentor to produce a fermenta-
tion product.



