Office de la Propriete Canadian CA 2917415 A1 2015/01/15

Intellectuelle Intellectual Property
du Canada Office (21) 2 91 7 41 5
g,lnngL%?rri‘fg:na " mfgtfy”%ya‘r’]‘; " 12 DEMANDE DE BREVET CANADIEN
CANADIAN PATENT APPLICATION
13) A1
(86) Date de depot PCT/PCT Filing Date: 2014/07/10 (51) CLInt./Int.Cl. BO1D 771/02(2006.01),

BO1D 12/00(2006.01), CO2F 3/00(2006.01)
(71) Demandeur/Applicant:

(87) Date publication PCT/PCT Publication Date: 2015/01/15

(85) Entree phase nationale/National Entry: 2016/01/05 POET RESEARCH. INC. US
(86) N° demande PCT/PCT Application No.: US 2014/046240
(72) Inventeur/Inventor:

(87) N° publication PCT/PCT Publication No.: 2015/006618 REDFORD, STEVEN G., US

(30) Priorites/Priorities: 2013/07/11 (US61/844,898); (74) Agent: AIRD & BERLIS IP LIMITED PARTNERSHIP
2014/07/10 (US14/328,429)

(54) Titre : PROCEDES ET SYSTEMES DE FERMENTATION D'ETHANOL
(54) Title: ETHANOL FERMENTATION METHODS AND SYSTEMS

SC C02
P-23
P-15 SOLIDS
115 125 AND C0Z
)
10
100
\j /\_/
L A
B 1150

vvvvv

%
K
X
&5

X' N

R
X
K

&

Waw.
%
.9,
‘f.‘p

YT COZ, WATER, ETHANOL, OIL

VW
¢:¢
o
&5
S
P50

AVAEVAVAVAVY

140 |P-20

FIG. 3

BEER

(57) Abrégée/Abstract:
Methods and systems for purifying feedstock-to-ethanol fermentation products are disclosed. The methods include the use of a

solvent In the form of a supercritical fluid or liquid gas such as supercritical CO2 or liquid CO2 to dry fermentation beer solids,

R N
RO TR S o
N "'c‘-‘-.u:-:{\: . N7
S
N

W .
‘ l an a dH http.:vvopic.ge.ca + Ottawa-Hull K1A 0C9 - atp.//cipo.ge.ca OPIC
OPIC - CIPO 191




CA 2917415 A1 2015/01/15

en 2917 415
13) A1

(57) Abrege(suite)/Abstract(continued):
and/or to extract oll, ethanol, or ethanol and oll from fermentation beer or mixtures derived therefrom. Systems Include a

separations reactor having a first portion defined by walls that are impermeable to fermentation beer liquids joined to a second
portion defined by walls that are impermeable to fermentation beer liquids by a third portion defined by walls that are permeable to
fermentation beer liquids and impermeable to fermentation beer solids.




WO 2015/006618 A1 }]H]FII0H 0D VAR 0100 Y RO 00 0 A

(43) International Publication Date

CA 02917415 2016-01-05

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization
International Burecau

(10) International Publication Number

WO 2015/006618 Al

15 January 2015 (15.01.2015) WIPO | PCT
(51) International Patent Classification: (74) Agent: VASSILOVSKI, Edna; Thrive IP, 5401 Netherby
B0ID 11/02 (2006.01) CO2F 3/00 (2006.01) Lane, Suite 102A, North Charleston, SC 29420 (US).
006.0
BOID 12/00 (2006.01) (81) Designated States (unless otherwise indicated, for every
nternational Application Numbper: nd of national protection availaoble). . . , ,
21) 1 ional Application Numb kind onal ' lable): AE, AG, AL, AM
PCT/US2014/046240 AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
79 Tnt fon o EREC Tyate: BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
(22) International Filing Date: 10 Tulv 2014 (10.07 2014 DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
by 2014 (10.07.201%) HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
(25) Filing Language: English KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
o . MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
(26) Publication Language: English OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
(30) Priority Data: SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM,
61/844,898 11 July 2013 (11.07.2013) US IN, IR, T1, 12, UA, UG, US, UZ, VC, VN, ZA, ZM,
14/328,429 10 July 2014 (10.07.2014) US LW.
(63) Related by continuation (CON) or continuation-in-part (84) Designated States (unless otherwise indicated, for every
(CIP) to earlier application: kind of regional protection available). ARIPO (BW, GH,
US 14/328,429 (CON) OM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
Filed on 10 July 2014 (10.07.2014) UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, T,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
(71) Applicant: POET RESEARCH, INC. [US/US]; 4615 N. EE. ES, FI, FR, GB, GR, HR, HU, IE. IS, IT, LT, LU, LV,
Lewis Avenue, Sioux Falls, SD 57104 (US). MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
(72) Inventor: REDFORD, Steven, G.: 48119 Skyview Circle, IR), OAPL (BF, B, CF, CG, Cl, CM, GA, GN, GQ, GW,

(34) Title: ETHANOL FERMENTATION METHODS AND SYSTEMS

Brandon, SD 57005 (US).

KM, ML, MR, NE, SN, TD, TG).

[Continued on next page]

(57) Abstract: Methods and systems for purifying feedstock-to-ethanol fer-
mentation products are disclosed. The methods include the use of a solvent in

5C €02

P45 S0LIDS

the form of a supercritical fluid or liquid gas such as supercritical CO2 or li-
quid CO2 to dry fermentation beer solids, and/or to extract oil, ethanol, or
ethanol and oil from fermentation beer or mixtures derived therefrom. Sys-
tems include a separations reactor having a first portion defined by walls that

115 i2% AND COZ . . N A .
= I B are mmpermeable to fermentation beer liquids jomned to a second portion
defined by walls that are impermeable to fermentation beer liquids by a third
110 portion defined by walls that are permeable to fermentation beer liquids and
/\/m impermeable to fermentation beer solids.
E A
[~
160
W
v 002
Y COZ, WATER, ETHANOL, OIL
§
130 N




CA 02917415 2016-01-05

WO 2015/006618 A 1 IO A0 A0 O A0 A0 L

Published:
—  with international search report (Art. 21(3))



CA 02917415 2016-01-05

WO 2015/006618 PCT/US2014/046240

ETHANOL FERMENTATION METHODS AND SYSTEMS

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims priority to U.S. Patent App. No. 14/328,429, having a filing date
5  of July 10, 2014 and claims priority to U.S. Provisional Application No. 61/844,898, having a
filing date of July 11, 2013. The U.S. utility and provisional applications are herein incorporated

by reference in their entirety.

FIELD

This specification relates to ethanol production processes, for example cellulose-based
10 feedstock-to-ethanol conversion processes, starch-based feedstock-to-ethanol conversion
processes, such as corn-to-ethanol production processes, and systems implementing such
processes. This specification also relates to methods of purifying fermentation products,
processes, and methods for extracting ethanol produced in ethanol fermentation processes, as

well as systems implementing such processes.

15 BACKGROUND

Ethanol can be produced from grain-based feedstocks, cellulosic feedstocks, and other
plant material. In a conventional ethanol plant producing ethanol from corn, corn kernels are
processed to separate the starch-containing material from other matter. The starch-containing

material is then slurried with water and liquefied to facilitate saccharification and fermentation.
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The product of fermentation is beer, which comprises a liquid component including ethanol and

water and a solids component including unfermented particulate matter.

According to a typical process used at conventional ethanol plants, the liguefaction of
the starch-containing feedstock is done by ‘cooking” the slurry at a temperature at or near the
boiling point of water (e.g. in the range of 60-80 degrees C or greater). According to an
alternative process, developed and implemented by POET Research LLC, the assighee of the
present application, and described for example in U.S. Patent Pub. No. 2005/0239181, raw

starch may be converted and fermented without ‘cooking’ or liquefaction.

In a conventional ethanol plant, the fermentation beer product may undergo a
distillation process to produce ethanol and stillage. The stillage, or wet solids, can be dried into
distillers dried grains, an operation in which water is removed from the solids, typically in a gas-

fired dryer.

SUMMARY

In some embodiments, the present disclosure relates to methods and systems for
purifying fermentation products, for example as part of an overall feedstock-to-ethanol
fermentation conversion process.

In some embodiments, the methods and systems for purifying fermentation products
relates to the use of a novel solvent as regards ethanol fermentation processes to separate the
liquids component of fermentation beer, which liquids component includes one or more of

ethanol, oil, and water, from the solids component of fermentation beer.
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In some embodiments, the methods and systems for purifying fermentation products
relates to the use of the novel solvent to dry the solids component of fermentation beer. The
drying methods and systems can be implemented before or after beer distillation.

In some embodiments, the methods and systems for purifying fermentation products
relates to the use of the novel solvent to extract oil, extract oil and ethanol, and/or extract
ethanol from other process components. The extraction methods and systems can be
implemented anywhere during the process flow in which it may be desirable to separate
ethanol from oil and/or other process components, or to separate ethanol and oil from other
process components, or to separate oil from other process components.

In some embodiments, the methods for separating the liquids component of
fermentation beer from the solids component of fermentation beer involve displacing the
liquids portion from the solids portion with a solvent chosen from a supercritical fluid and liquid
gas. In some embodiments, the solvent has a lighter density than ethanol, for example the
solvent is supercritical CO2 or liquid CO2. In some embodiments, displacing involves contacting
the fermentation beer with the solvent in an extractor resulting in a solids stream including
solvent and the solids component and a liquids stream including solvent and the liguids
component; and, removing the solids stream from the extractor at a first port and liquids
stream from the reactor at a second port. In further embodiments, displacing involves: flowing
the solvent through a first end of a reactor having a length of walls segmented into a first
length of impermeable walls that are impermeable to the liquids component separated from a
second length of impermeable walls that are impermeable to the liguids component by a first

length of permeable walls that are permeable to the liquids component, through the first
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impermeable length of walls toward the permeable length of walls; flowing the fermentation
beer into a second end of the reactor through the second length of impermeable walls toward
the permeable length of walls, resulting in the solids stream flowing out the extractor at a first
port located in the first end of the reactor and the liquids stream flowing out of the reactor
through the permeable length of walls. In some embodiments, the methods also involve
removing solvent from the solids stream, removing solvent from the liquids stream, or both by
converting the solvent to gas.

In some embodiments, the methods of drying beer solids involves exposing a first
mixture comprising a liquids portion and a beer solids portion to a solvent under a first set of
conditions in which the solvent is in the form of a supercritical fluid or a liquid gas, displacing
the liquids portion of the first mixture with the solvent to form a second mixture including the
beer solids portion and the solvent; and, removing the solvent from the second mixture. In
some embodiments, the first mixture is fermentation beer. In some embodiments, the first
mixture is whole stillage. In some embodiments, the first mixture is wet cake. In further
embodiments, removing the solvent involves exposing the second mixture to at least a second
set of conditions resulting in the solvent converting to a gas, and venting the resultant gas. In
vet further embodiments, exposing the second mixture to at least a second set of conditions
comprises exposing the second mixture to successively lower pressure conditions, and venting
comprises venting any resulting gas after each successive lower pressure condition. In yet
further embodiments, the methods also include capturing the vented gas and recompressing

the vented gas into a supercritical fluid or liquid gas.
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In some embodiments the methods of extracting at least one of oil and ethanol involves
exposing a first mixture comprising at least one of oil and ethanol and at least one other
component to a solvent in the form of a supercritical fluid or liquid gas under a first set of
conditions in which at least one of the oil and ethanol solubilizes in the solvent to form a
second mixture; separating the second mixture from the at least one other component; and,
removing the solvent from the second mixture. In some embodiments, the first mixture is a slip
stream derived from a fermentation reactor. In some embodiments, the first mixture is a
fermentation beer. In some embodiments, the first mixture is a fermentation beer after
separating out beer solids. In some embodiments, the solvent is supercritical CO2 or liquid CO2
and the first set of conditions is conditions of temperature and pressure in which ethanol but
not oil solubilizes in the solvent. In some embodiments, the first set of conditions is conditions
of temperature and pressure in which ethanol and oil solubilize in the solvent, and removing
the solvent involves: reducing the pressure sufficiently to separate the oil leaving behind a
second mixture comprising ethanol and solvent, separating the oil from the second mixture,
and thereafter reducing the pressure sufficiently to convert the solvent to gas. In some
embodiments, additional purification steps are performed to separate water, which may have
been extracted with the ethanol, from the ethanol.

In some embodiments, the systems include a separations reactor configured for use in
conjunction with, or configured for integration into, a feedstock-to-ethanol production facility,
wherein the separations reactor is suitable for use at conditions supporting a solvent (for
example CO2) in a supercritical fluid form, in a liquid gas form, or both; and the separations

reactor includes one or more inputs through which a first mixture chosen from a fermentation
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beer and a mixture derived therefrom is introduced into the separations reactor and through
which the solvent is introduced into the separations reactor, and one or more outputs through
which separated components of the fermentation beer or mixture derived therefrom are
removed from the separations reactor. In some embodiments, the systems further include a
solvent in supercritical form or liquid gas form.

In some embodiments, the systems include a feedstock-to-ethanol fermentation
production facility; a solvent in supercritical fluid form or liquid gas form; a separations reactor
integrated into the fermentation production facility, wherein the separations reactor is suitable
for use at conditions supporting the solvent in a supercritical fluid form, in a liquid gas form, or
both; and the separations reactor includes one or more inputs through which a first mixture
chosen from a fermentation beer and a mixture derived therefrom is introduced into the
separations reactor and through which the solvent is introduced into the separations reactor,
and one or more outputs through which separated components of the fermentation beer or
mixture derived therefrom are removed from the separations reactor.

In some embodiments, the separations reactor (for example of any of the above-
referenced systems) has a first impermeable portion joined to a second impermeable portion
by a third permeable portion, wherein the first impermeable portion and second impermeable
portions are defined by walls that are impermeable to liquids in the first mixture and the third
permeable portion is defined by walls that are permeable to liquids in the first mixture; the one
or more inputs is a first input located in the first impermeable portion for introducing solvent
into the reactor and a second input located in the second impermeable portion for introducing

the first mixture into the reactor; and, the one or more outputs is a first output located in the
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first impermeable section for removing solids in the first mixture from the separations reactor
and a second output which is the permeable section. In further embodiments, the separations
reactor also comprises a casing with an integral port around the permeable section for
capturing the liquids leaving the reactor through the permeable portion and directing them to a
next part of the ethanol facility. In further embodiments, the first mixture is fermentation beer,
the solids are beer solids and the liquids are beer liquids. In further embodiments, the
separations reactor is vertically-oriented with the first impermeable portion being a top end of
the reactor and the second impermeable portion being a bottom end of the reactor. In some
embodiments, the systems also include an evaporator in fluid communication with the first
output, and which evaporator has one or more discharge outlets for releasing gas produced
when conditions in the evaporator are set consistent with the solvent converting to a gas
phase. In some embodiments, the systems further comprise a compressor in fluid
communication with the evaporator for recompressing gas discharged from the evaporator and
means for recirculating the recompressed gas back into the separations reactor.

The identified embodiments are exemplary only and are therefore non-limiting. The
details of one or more non-limiting embodiments according to the disclosure are set forth in
the accompanying drawings and the descriptions below. Other embodiments according to the
disclosure should be apparent to those of ordinary skill in the art after consideration of the

present disclosure.

DESCRIPTION OF DRAWINGS

Figure 1 is a process flow diagram of an embodiment of a method according to this

disclosure.
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Figure 2 is process flow diagram of an embodiment of a feedstock-to-ethanol

fermentation process in which the method of FIG. 1 may be integrated.

Figure 3 is a schematic illustration of an embodiment of a separations reactor in which

certain methods according to this disclosure may be implemented.

DETAILED DESCRIPTION

B Definitions

Unless defined otherwise, all technical and scientific terms used herein have the same
meaning as is commonly understood by one of ordinary skill in the art to which this disclosure
belongs. In the event that there is a plurality of definitions for a term herein, those in this

section prevail unless stated otherwise.

V7N | &

such as,” “including” and the like are used

il

Where ever the phrases “for example,

herein, the phrase “and without limitation” is understood to follow unless explicitly stated

otherwise.

The terms “comprising” and “including” and “involving” (and similarly “comprises” and
“includes” and “involves”) are used interchangeably and mean the same thing. Specifically,
each of the terms is defined consistent with the common United States patent law definition of
“comprising” and is therefore interpreted to be an open term meaning “at least the following”

and also interpreted not to exclude additional features, limitations, aspects, etc.

The term “about” is meant to account for variations due to experimental error or to

permit deviations from the measurements that don’t negatively impact the intended purpose.
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The term “substantially” is meant to permit deviations from the descriptive term that don’t
negatively impact the intended purpose. All measurements or numbers are implicitly
understood to be modified by the word about, even if the measurement or number is not
explicitly modified by the word about. All descriptive terms are implicitly understood to be
modified by the word substantially, even if the descriptive term is not explicitly modified by the

word substantially.

i, 77

Where ever the terms “a” or “an” are used, “one or more” is understood unless

explicitly stated otherwise or such interpretation is nonsensical in context.

Where ever the text refers to displacing/extracting/separating/venting of one
component or components from another component or components, it is understood that the
action may not result in complete displacement/extraction/separation/venting of the
components. For example, where ever the text refers to displacing the liquids fraction from the
solids fraction of the wet solids, or extracting the liquids fraction from the solids fraction of the
wet solids, or separating the liquids fraction from the solids fraction, it is understood that the
phase “at least a portion of” modifies the displaced/extracted/separated fraction regardless of
whether or not that phrase explicitly appears in the text, unless specifically stated otherwise. In
other words, “displacing the liquids fraction from the solids fraction” means: “displacing at

least a portion of the liquids fraction from the solids fraction.”

“Liquid gas” refers to a substance that is in the gas phase at room temperature and
pressure but may be converted to a liquid phase and used as a solvent in processes according

to this disclosure.
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The term “purify” and the like does not mean 100% pure but rather only that the target
product is not part of the same original mixture in which it is found. Thus, for example,
“purifying fermentation products” means that at least a portion of the target product or
products is separated from the fermentation mixture, but after separation may include other

components from the fermentation mixture as well as the target product.

The present disclosure relates to methods and systems for purifying fermentation
products, for example as part of an overall feedstock-to-ethanol fermentation conversion
process, such as a corn-to-ethanol fermentation conversion process. Traditionally, the main
products of the feedstock-to-ethanol fermentation process are ethanol and beer solids, which
can be Dried Distiller’s Grain (DDG) in the case of corn-to-ethanol fermentation processes. The
products are traditionally derived from the fermentation beer through energy-intensive

distillation and drying systems. Fermentation beer can also include oil and water.

In some embodiments, the present disclosure provides approaches to separating out
one or more of the products such as ethanol and dried beer solids (e.g. DDG) from the
fermentation beer, directly or indirectly, in a more energy efficient manner than the traditional
distillation and drying approaches described in the background section. “Directly” means the
methods and systems are integrated with fermentation itself, whereas “indirectly” means the
methods and systems are applied downstream of fermentation. For example, in some direct
embodiments, a novel solvent is used to displace the liquids fraction of the fermentation beer
from the solids fraction, resulting in a first mixture of solvent and ethanol (and potentially oil

and water) and a second mixture of solvent and beer solids. As another example, in some

10
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direct embodiments, a novel solvent contacts a slip stream taken from the fermenter during
fermentation. In some indirect embodiments, a novel solvent is used for separation of ethanol

or drying of solids after fermentation and distillation.

In some embodiments, the methods and systems for purifying fermentation products
relates to the use of a novel solvent as regards ethanol fermentation processes to separate the
liquids component of fermentation beer from the solids component of fermentation beer. In
some embodiments, the methods and systems for purifying fermentation products relates to
the use of the novel solvent to dry the solids component of fermentation beer. The drying
methods and systems can be implemented before or after beer distillation.

In some embodiments, the methods and systems for purifying fermentation products
relates to the use of the novel solvent to extract oil, extract oil and ethanol, and/or extract
ethanol from other process components. The extraction methods and systems can be
implemented anywhere during the process flow in which it may be desirable to separate
ethanol from other process components, or to separate ethanol and oil together from other
process components, or to separate oil from other process components. As a person of skill
may understand from reading this specification, water may be extracted along with ethanol.
Accordingly, some embodiments involve additional purification steps to separate water and
ethanol. Any purification scheme known in the art to separate water and ethanol may be used,
such as for example distillation. Alternatively or in addition, water may be separated from
ethanol using the novel solvent described herein, in one or more than one iterative separation

step.

11
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In general, the methods and systems of this disclosure relate to the use of a novel
solvent as regards feedstock-to-ethanol fermentation processes. The novel solvent is a
substance in supercritical fluid or liguid gas form, which in some embodiments is used as a
“displacent” to displace the liquids component of a mixture from the solids component of a
mixture (such as to displace the liquids component of fermentation beer from the solids
component of fermentation beer), in some embodiments the novel solvent is used to dry the
solids component of fermentation beer, and in other embodiments is used an extraction
solvent (“extractant”) to remove oil, ethanol, or oil and ethanol from other process
components. In some embodiments, the solvent is chosen from substances which under
operation conditions (e.g. under conditions in which it is used as a displacent or as an

extractant) are in supercritical or liquid gas form.

In some embodiments, the solvent is a supercritical fluid. In some embodiments, the
substance which is used in supercritical fluid form is chosen from any substance that has a
supercritical phase at temperatures above the freezing temperature of the liquid component
and corresponding pressures which result in the supercritical form. In some embodiments, the
substance which is used in supercritical form is chosen from any substance that has a
supercritical phase at temperatures ranging from greater than 32 degrees F, or greater than 40
degrees F, or greater than 45 degrees F, and corresponding pressures which result In the
supercritical form. In some embodiments, the supercritical fluid is chosen such that the
amount of energy required to convert it to a gas and thereby dry an amount of wet solids
derived from a fermentation beer is favorable (less than) the amount of energy required to

drive off water (boil off water) from the same amount of wet solids derived from a

12
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fermentation beer. For example, in some embodiments, the solvent can be supercritical CO2 or
supercritical nitrogen. In embodiments wherein supercritical CO2 is the solvent, it can be

sourced from CO2 produced in the feedstock-to-ethanol conversion process.

In some embodiments, the solvent is a liquid gas. In some embodiments, the solvent is
chosen from any liguid gas that has a heat of vaporization less than that of water. In some
embodiments, the liquid gas is chosen from any substance that has a liquid phase at
temperatures below the critical point and pressures sufficient to hold the gas in liquid phase
without solidifying the gas. For example, in some embodiments, the solvent can be a substance
that is in liquid gas form at about 10 degrees C and 50 bar. In some embodiments, the liquid
gas is chosen such that the amount of energy required to convert it to a gas and thereby dry an
amount of wet solids derived from a fermentation beer is favorable (less than) the amount of
energy required to drive off water (boil off water) from the same amount of wet solids derived
from a fermentation beer. In some embodiments, the liquid gas is derived from a compound
that is in liquid phase at temperatures at or below the boiling point of water at operational
pressure, for example below the boiling point of water at atmospheric pressure. For example,
in some embodiments, the solvent can be liquid CO2. In embodiments wherein liquid CO2 is
the solvent, it can be sourced from CO2 produced in the feedstock-to-ethanol conversion

Process.

Referring now to the figures, wherein like reference numerals indicate like elements,
FIG. 1 is process flow diagram of an embodiment of a method according to this disclosure. As

shown, fermentation beer 20 and solvent 23 are brought into contact with one another, for

13
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example in a reactor 10 resulting in two product streams: a liquids product stream 16 and a
solids product stream 15. The liquids product stream 16 may contain (among other things)
ethanol, oil, water and solvent. The solids product stream 15 may contain (among other things)
beer solids and solvent. As is understood, separations may be imperfect and consequently the

beer liquids stream may include some beer solids, and the beer solids stream may include some

10

15

20

liquids such as ethanol.

FIG. 2 is a process flow diagram of an embodiment of a feedstock-to-ethanol
conversion process in which the method of FIG. 1 may be integrated. As a person of skill
understands from reading this disclosure, the conversion process of FIG. 2 is only one
conversion process into which methods according to the disclosure may be integrated. Also
as a person of skill understands, not all steps shown in FIG. 2 are necessary, and some
similar conversion processes may include additional or alternative steps, some of which are

identified below.

Turning back to FIG. 2, as shown, feedstock 12 is initially prepared/fractionated 24
for downstream saccharification and fermentation, wherein for example corn kernels are
separated into non-fermentable solids 25 (e.g. germ and fiber) and fermentable solids (e.g.
endosperm). Once the endosperm has been separated from the non-fermentable solids, it
may be ground and directed into a saccharification process 26. Separation and grinding of
endosperm may also be conducted in an integrated process. Saccharification process 26
may be a ‘cooked’ or cold process depending, for example, on the chosen input enzymes,

and results in converting starches within the ground endosperm being converted to sugars.

14
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A fermentation slurry may be directed from saccharification process 26 to fermentation

process 28.

Fermentation process 28 may also receive additional inputs (e.g., yeast 27 and
enzymes 29) and may ferment the sugars within the fermentation slurry to produce a
certain concentration of ethanol within the fermentation slurry. Fermentation process 28
may produce a certain amount of carbon dioxide (CO2) and other gases, which may be
processed through the use of a scrubber or other suitable equipment, and/or be captured
and used as a source of solvent such as supercritical CO2 or liquid CO2 in the downstream
ethanol separation phase. The main product of fermentation process 28 is beer 20, which
comprises a liquids component 16 and a solids component 15. Saccharification process 26
and fermentation process 28 may be performed separately or may be combined into a

substantially integrated process.

In some embodiments, the beer 20 is then directed into a separation process 38
such as described in connection with FIG. 1. Here, the beer 20 is contacted with solvent 23
(such as supercritical CO2 or liguid CO2) resulting in two product streams, a liquids product
stream 16 and a solids product stream 15. The solids product stream 15 may be directed to
an evaporation process 44 (directed to an evaporation system) to remove solvent and
produce dried solids 45, whereas the liquids stream 16 may be directed into a separation
process 42 (directed to a separation system) to produce ethanol 43. In some embodiments,
the separation process 42 may include one or more of: an evaporation process to remove

the solvent 23 and a distillation or other process to separate water from ethanol. In some
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embodiments, the solvent, which has been released from the solids stream 15 and/or the
liquids stream 16 may be recycled back into the system, for example for use again in the
separation process 38, and/or for example, for use in the separation process 42 to separate
water from ethanol. In embodiments, wherein the solvent is released from the solids
stream 15 and/or liquids stream 16 in gas phase, it may be directed to a compressor to be
recompressed into a supercritical fluid or liquid gas before being recycled back into the

system.

FIG. 3 is a schematic illustration of an embodiment of a reactor 100 in which
separation process 38 may be implemented. As shown, the reactor 100 is a conduit
comprising an impermeable first portion 110 that is substantially impermeable to
fermentation beer liquids separated from an impermeable second portion 120 that is also
substantially impermeable to fermentation beer liquids by a permeable portion 130 that is
substantially permeable to fermentation beer liquids but not the fermentation beer solids.
The permeable portion 130 includes an enclosure 140 which contains fluid flowing out of
the permeable portion and directs it through a port 150 to liquid separation system (not

shown) such as a distillation system.

The reactor also includes a first port 115 in the first impermeable portion 110,
through which solvent enters the reactor 100, a second port 125 also in the first
impermeable portion 110 through which a solids product stream containing solvent and
beer solids exits the reactor, and a third port 145 at the other end of the reactor in the

second impermeable portion 140 through which beer 20 is introduced into the reactor 100.
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In some embodiments, the reactor 100 is oriented such that solvent flows with the
assistance of gravity and beer 20 flows against gravity. For example, the reactor 100 may

be oriented substantially vertically, as shown in FIG. 3.

In operation, the reactor 100 is maintained at, or brought to, conditions in which the
solvent 23 is in supercritical fluid or liquid gas form. In some embodiments, wherein the
solvent 23 is a liquid gas, the reactor conditions are chosen to maintain the substance in
liquid form while minimizing the heat of vaporization associated with converting the liguid
to gas during the subsequent, evaporation process. Beer 20 is brought into the bottom of
the reactor (the second impermeable portion 120 of the reactor in the exemplified
embodiment) through port 145 and flows upward. The liquid component 16 of the beer 20
flows out of the reactor at the impermeable portion 130 and is directed to a separations
system through port 150. The solids component 15 of the beer 32 continues to flow
upward past the permeable portion 130 into the first impermeable portion 110, where it
mixes with solvent, which is introduced into the reactor 100 (through the first impermeable
portion 110 in the exemplified embodiment) through port 115. In some embodiments,
wherein the solvent 23 is a lighter density fluid than the beer 32, the solvent 23 may
contribute to pushing the beer liquid 16 out the permeable portion 130. In some
embodiments, without wishing to be bound by theory, using a supercritical fluid or liquid
gas as a solvent 23 facilitates higher flow rates of solution through the solids 15 with lower
pressure because of the reduced viscosity of the supercritical or liquid gas solvent 23 as

compared to the beer liquid 16. The solids stream 15, now mixed with solvent 23, leaves
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the top of the extractor through port 125 and is directed into an evaporation system (not

shown).

In some embodiments, the evaporation system may be simply designed to involve
decreasing pressure in the system by venting the solids stream to air. |In other
embodiments, the evaporation system may be designed to reduce pressure as the solids
stream passes through just enough to cause the supercritical fluid or liquid gas to change to
a gas phase and leave the evaporator. In some embodiments, the now dried solids can
leave the evaporator through a gas-tight lock system to be discharged at standard

atmospheric conditions.

In some embodiments, the evaporation system may be designed to accommodate a
multi-stage evaporation process 44, for example to reduce or minimize the amount of
energy needed to recompress the solvent, now in gas phase, back into supercritical or liquid
gas form, as compared to the energy required to recompress gas that is formed by reducing
conditions to room temperature and pressure. Desighing such a process is within the
ordinary skill in the art following the principle that the smaller the pressure change between
the supercritical form/liquid gas form and gas phase, the less energy is needed to
recompress the gas back to supercritical form. By way of example, if the separation
operating pressure conditions are 1000 psi, and the supercritical fluid forms a gas at 900 psi,
in a first stage of the evaporation process, the pressure may be dropped to 900 psi rather
than atmospheric pressure. Despite the conditions being consistent with a change from

supercritical fluid form to gas phase, some solvent may remain trapped in the solids.
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Accordingly, the pressure may then be lowered further to help drive out remaining gas. The
number of stages (the number of times the pressure is further reduced) and/or the lowest
pressure used for releasing gas is a matter of choice, but may be driven by economic
considerations. For example, if the cost of increasing pressure from atmospheric pressure
to a final pressure in the evaporator is less than the cost of recovering gas at that final
pressure, a person of skill may decide simply to vent gas at that final pressure rather than
recover it. In some embodiments, gas released from the system may be brought to a
compressor to be recompressed into supercritical fluid or liquid gas and recycled back into

the system.

In some embodiments, the (liquid stream) separation system may also utilize the
novel solvents according to this disclosure (i.e. supercritical fluid or liquid gas solvents) to
target extraction of ethanol, oil, and/or ethanol and oil from other fermentation liquid
components, such as water. For example, a supercritical fluid or liquid gas solvent can be
chosen in which ethanol preferentially dissolves at certain temperature and pressure
conditions relative other fermentation liquid components, or in which ethanol and oil
preferentially dissolve at certain temperature and pressure conditions relative other

fermentation liquid components. In some embodiments, the solvent is supercritical CO2.

In some embodiments, in operation, as the liquid product stream exiting the
separations reactor 100 passes through the (liguid stream) separations system,
temperature and pressure conditions are set such that ethanol and oil preferentially

solubilize in the solvent as compared to water, resulting in a water phase which can be
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separated from a product stream comprising ethanol, oil and solvent. The ethanol and ol
can then be separated by changing the temperature and pressure conditions (for example
by lowering the pressure) such that only ethanol is preferentially solubilized in the solvent.
After removing the oil, the conditions of temperature and pressure can again be changed
(for example the pressure can be further lowered) so that ethanol may separate from the

solvent.

In some embodiments, the separations system involves more than one iteration (i.e.
the liquid stream is solubilized in the solvent, the solvent is removed and the product
stream is thereafter repeatedly solubilized in the solvent until a target product stream
having a desired ethanol content is achieved). In some embodiments, the ethanol may be
separated from water using additional or alternative approaches known to those of skill in

the art, such as distillation.

The principles described herein wherein a novel solvent is used to dry beer solids
and/or to extract ethanol, oil, and or ethanol and oil can be implemented at other points in
the fermentation process flow. For example, in the exemplified embodiments, beer solids
are dried prior to distillation. However, in an alternative embodiment, the beer solids may
be dried using the novel solvent after the fermentation beer is distilled, for example the
extraction of dried beer solids can be carried out on whole stillage, or on the wet cake,

rather than the beer itself.

As another example of a permutation within scope of this disclosure, the novel

solvent can be used to extract oil during fermentation rather than after fermentation (as
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part of the liquid product stream separation process). For example, a slip steam could be
extracted from the fermenter to an extraction tank, which could be a continuous stirred
reactor. The solvent could be brought into the tank and mixed with the slip stream. The
tank could be brought to or maintained at temperature and pressure conditions wherein
the oil is preferentially soluble in the solvent resulting in a mixture of oil and solvent (and
ethanol to the extent ethanol has begun to form in the fermenter and is therefore present
in the slip stream) as compared to water. The mixture may be transferred to a separator
where conditions are changed, for example the pressure is reduced, sufficiently to cause
the oil to separate out resulting in a heavy phase containing oil and a light phase containing
ethanol and solvent. The light phase can then be passed to another separator where the
conditions are changed again (for example the pressure is further lowered) resulting in
separation of ethanol from the solvent. Extraction of oil during fermentation could be
carried out for a desired time period, including only initially when little ethanol has formed,

or until the bulk of the oil is extracted, or throughout fermentation, as some examples.

In another embodiment, the solvent can be used to extract ethanol during
fermentation. The process would be similar to the oil extraction process described above,
except the slip stream would be exposed to conditions of temperature and pressure in
which only ethanol solubilized in the solvent and not also the oil. Processes in which
ethanol is removed during fermentation (e.g. which enable the ethanol content to be
controlled during fermentation) may facilitate new methods of fermentation in which
veasts or other organisms may be used for sugar conversion, which are not ethanol
tolerant. Again, as a person of skill may understand, although ethanol is separated from oil,

21



10

15

20

CA 02917415 2016-01-05

WO 2015/006618 PCT/US2014/046240

it may still include some water content. Accordingly, in some embodiments, the ethanol
stream may be subjected to additional extractions using the novel solvent, may undergo a
distillation process to separate out water, may undergo any other appropriate separation
process known to those of skill in the art to separate the water from ethanol, or

combinations thereof.

A number of embodiments have been described but a person of skill understands
that still other embodiments are encompassed by this disclosure. For example, the use of
the solvent to extract ethanol, oil or ethanol and oil, can be implemented anywhere there is
a liquid mixture containing ethanol, oil, or ethanol and oil. As another example, extraction
techniques using the novel solvents can be combined with other separation techniques. For
example, oil could be extracted from beer using the novel solvent and ethanol could be

removed using another technology such as mechanical separation. It will be appreciated by

those skilled in the art that changes could be made to the embodiments described above without

departing from the broad inventive concepts thereof. It is understood, therefore, that this
disclosure and the inventive concepts are not limited to the particular embodiments
disclosed, but are intended to cover modifications within the spirit and scope of the
inventive concepts including as defined in the appended claims. Accordingly, the foregoing
description of various embodiments does not necessarily imply exclusion. For example,

"some" embodiments or “other” embodiments may include all or part of “some”, "other,”

"further,” and “certain” embodiments within the scope of this invention.
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WHAT IS CLAIMED IS:

1. A method of purifying feedstock-to-ethanol fermentation products, comprising:

10

15

20

25

a. exposing a first mixture chosen from fermentation beer and mixtures derived therefrom
to a solvent under a first set of conditions in which the solvent is in a supercritical fluid
or liquid gas form thereby generating a second mixture comprising a subset of
components of the first mixture and the solvent;

b. separating the second mixture from remaining components of the first mixture; and,

c. removing the solvent from the second mixture.

A method according to claim 1, wherein the first mixture is chosen from a fermentation beer,
whole stillage, and wet cake, and wherein the first mixture comprises a solids portion and a
liquids portion, generating comprises displacing the liquids portion from the solids portion with
the solvent, and the second mixture comprises the solids portion and the solvent.

A method according to claim 2, wherein the first mixture is a pre-distillation fermentation beer.
A method according to claim 1, wherein removing comprises exposing the second mixture to a
second set of conditions in which the solvent converts to a gas phase.

A method according to claim 3, further comprising using a separations reactor to expose the
first mixture to the solvent, wherein the separations reactor comprises a length of walls
segmented into a first length of impermeable walls connected to a second length of
iImpermeable walls by a length of permeable walls, wherein the first and second length of
Impermeable walls are impermeable to fermentation liquids and the permeable walls are
permeable to fermentation liquids but impermeable to fermentation solids; and, wherein
exposing comprises: flowing the solvent into a first end of the separations reactor through the
first length of impermeable walls toward the length of permeable walls; flowing the

fermentation beer through a second end of the separations reactor through the second length
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of impermeable walls toward the length of permeable walls, resulting in a fermentation solids
stream exiting the separations reactor at a first port in the in the first end of the separations
reactor and the fermentation liquids exiting the separations reactor through the permeable
length of walls.

6. A method according to claim 1, wherein the first set of conditions are chosen to result in at least
one of ethanol and oil solubilizing in the solvent generating a second mixture comprising
ethanol, oil or both, according to the first set of conditions, and solvent.

/. A method according to claim 1, wherein the fermentation beer comprises a liquids portion and a
solids portion and the first mixture comprises the liquids portion of the fermentation beer, and
further wherein the first set of conditions are chosen to result in ethanol and oil present in the
liquids portion solubilizing in the solvent, and removing comprises:

a. exposing the second mixture to a second set of conditions in which oil separates out of
the second mixture resulting in a third mixture comprising ethanol and solvent;

b. separating the oil from the third mixture;

c. exposing the third mixture to a third set of conditions in which ethanol separates out of
the solvent;

d. exposing the solvent to a fourth set of conditions in which the solvent converts to gas;
and,

e. venting the gas.

8. A method according to claim 7, wherein the vented gas is captured and directed to a
compressor to be recompressed into supercritical fluid or liquid gas.

9. A method according to claim 7, further comprising separating water from ethanol.
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10. A method according to claim 1, wherein the first mixture is a slip stream from a fermenter, and
the first set of conditions is chosen to solubilize oil in the solvent to generate the second
mixture.

11. A system, comprising:

a. an ethanol production facility for producing ethanol from a feedstock using a
fermentation process;

b. a solvent in supercritical fluid or liquid gas form; and,

C. a separations reactor integrated into the ethanol production facility, wherein the
separations reactor is suitable for use at conditions supporting the solvent in a
supercritical fluid or liquid gas form, or both; the separations reactor comprising:

I. one or more inputs for receiving the solvent and a first mixture chosen from a
fermentation beer and mixtures derived therefrom; and,

iI.  one or more outputs for removing a second mixture comprising the solvent and
a subset of components of the first mixture and for removing remaining
components of the first mixture.

12. A system according to claim 11, wherein: the separations reactor comprises a first impermeable
portion joined to a second impermeable portion by a third permeable portion, wherein the first
impermeable portion and second impermeable portion are defined by walls that are
impermeable to fermentation liquids and the permeable portion is defined by walls that are
permeable to fermentation liquids and impermeable to fermentation solids; the one or more
inputs is a first input located in the first impermeable portion for introducing solvent into the
separations reactor and a second input located in the second impermeable portion for
introducing fermentation beer into the separations reactor; and the one or more outputs is a

first output located in the first impermeable portion for removing a mixture comprising

25



10

15

CA 02917415 2016-01-05

WO 2015/006618 PCT/US2014/046240

13.

14.

15.

16.

fermentation solids and solvent from the reactor and a second output which is the permeable
walls for removing a mixture comprising fermentation liquids and solvent from the reactor.

A system according to claim 12, wherein the separations reactor further comprises and
enclosure with an integral port surrounding the permeable portion to capture the mixture
exiting the separations reactor at the permeable portion and direct the mixture to a next part of
the system.

A system according to claim 12, wherein the separations reactor has a top portion which is the
first impermeable portion and a bottom portion which is the second impermeable portion and
the separations reactor is vertically-oriented such that solvent may flow assisted by gravity and
fermentation beer may flow against gravity.

A system according to claim 13, further comprising an evaporator in fluid communication with
the first output, and which evaporator has one or more discharge outlets for releasing gas
produced when conditions in the evaporator are set consistent with the solvent converting to a
gas phase.

A system according to claim 15, wherein the system further comprises: a compressor in fluid
communication with the evaporator for recompressing gas discharged from the evaporator;

and, means for recycling the recompressed gas back into the solids extractor.
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