0636 A2 I 0 OO A Al

o

=
=

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

(19) World Intellectual Property Organization Vd”Ij

) IO O T O AV 0 0

International Bureau

(43) International Publication Date
12 February 2009 (12.02.2009)

(10) International Publication Number

WO 2009/020636 A2

(51) International Patent Classification:
HOIM 8/04 (2006.01) HOIM 8/06 (2006.01)

(21) International Application Number:
PCT/US2008/009485

(22) International Filing Date: 7 August 2008 (07.08.2008)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:

60/963,952 8 August 2007 (08.08.2007) US

(71) Applicant (for all designated States except US): SAINT-
GOBAIN CERAMICS & PLASTICS, INC. [US/US];
One New Bond Street, Worcester, MA 01615 (US).

(72) Inventor; and
(75) Inventor/Applicant (for US only): QI, Chunming
[US/US]; 65 Bertwell Road, Lexington, MA 02420 (US).

(74) Agents: PIERCE, N,, Scott et al.; Hamilton, Brook, Smith
& Reynolds, P.C., 530 Virginia Road, P.O. Box 9133, Con-
cord, MA 01742-9133 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AOQ, AT, AU, AZ,BA, BB, BG, BH, BR, BW, BY, BZ, CA,
CH, CN, CO, CR, CU, CZ, DE, DK, DM, DO, DZ, EC, EE,
EG, ES, FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID,
1L, IN, IS, JP, KE, KG, KM, KN, KP, KR, KZ, LA, LC, LK,
LR, LS, LT, LU, LY, MA, MD, ME, MG, MK, MN, MW,
MX, MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH, PL, PT,
RO, RS, RU, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TJ,
™™, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
ZW.
(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB,GR, HR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL,
NO, PL, PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG,
CIL, CM, GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:
without international search report and to be republished
upon receipt of that report

(54) Title: ANODE EXHAUST RECYCLE SYSTEM

(57) Abstract: A fuel cell system includes a fuel cell stack including at least one fuel cell and a separator. Each fuel cell includes
& a cathode, an anode and an electrolyte between the cathode and the anode. The separator includes a membrane, and a housing
a defining an anode exhaust inlet, a recycled gas outlet and an exhaust gas outlet. The anode exhaust inlet and the recycled gas outlet
& are independently in fluid communication with the anode. The housing and the membrane defines at least in part a first chamber
& that is in fluid communication with the anode exhaust inlet, and a second chamber. In one embodiment, the membrane is an H,-gas
permeable membrane, the recycled gas outlet is in fluid communication with the second chamber, and the exhaust gas outlet is in
fluid communication with the first chamber. In another embodiment, the membrane is a CO,- gas permeable membrane, the recycled
gas outlet is in fluid communication with the first chamber, and the exhaust gas outlet is in fluid communication with the second

chamber.



WO 2009/020636 PCT/US2008/009485

ANODE EXHAUST RECYCLE SYSTEM

RELATED APPLICATION

This application claims the benefit of U.S. Provisional Application No.
60/963,952, filed on August 8, 2007. The entire teachings of the above application are

incorporated herein by reference.
BACKGROUND OF THE INVENTION

Fuel cells can offer potentially clean, quiet and éfﬁcient power generation. Unlike
thermal energy based engines, fuel cells use an electrochemical or battery-like process to
convert the chemical energy associated with the conversion of hydrogen gas into water.
Typically, in fuel cells, hydrogen gas and oxygen gas are fed into the anode and cathode
of the fuel cell, respectively. At the anode, the hydrogen gas is electrochemically
dissociated into hydrogen ions (H") and free electrons (¢”). The electrons flow out of the
anode through an external electrical circuit. In polymer electrolyte membrane (PEM) fuel
cells, in general, hydrogen ions (H") formed at the anode flow to the cathode through the
PEM electrolyte. At the cathode, oxygen gas fed into the cathode is electrochemically
combined with the hydrogen ions and with the free electrons to generate water. In solid
oxide fuel cells employing a solid oxide electrolyte, in general, oxygen ions are
electrochemically formed at the cathode and move to the anode through the solid oxide

electrolyte. The overall reaction in a fuel cell is as follows:
2H, + 0, — 2 H,0 (vapor) + Energy 4}

Despite the advantages of clean and quiet power generation, fuel cell systems have faced
a number of formidable market entry issues resulting from product immaturity, over-
engineered system complexity, fuel efficiency, etc. Fuel efficiency can be increased by
employing larger surface areas of the anode and cathode, or by increasing the number of
fuel cells in a fuel stack. However, these approaches typically result in increases in the

size of the fuel stack.
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Therefore, there is a need for developing methods of increasing fuel efficiency in
fuel cell systems without compromising the size of the fuel cell system, and for
developing fuel cell systems having high fuel efficiency, and in particular fuel cell

systems of relatively small size.

SUMMARY OF THE INVENTION

The present invention is generally related to a fuel cell system that includes a
separator for recycling anode exhaust, to a method of forming such a fuel cell system, and
to a method of recycling anode exhaust in such a fuel cell system.

In one embodiment, the present invention is directed to a fuel cell system that
includes a fuel cell stack including at least one fuel cell and a separator. Each fuel cell
includes a cathode, an anode and an electrolyte between the cathode and the anode.

In one specific embodiment, the separator includes a housing defining an anode
exhaust inlet, a recycled gas outlet and an exhaust gas outlet, and an H,-gas permeable
membrane. The anode exhaust inlet and the recycled gas outlet are independently in fluid
communication with the anode. The housing and the membrane defines at least in part a
first chamber and a second chamber. The first chamber is in fluid communication with
the anode exhaust inlet and the exhaust gas outlet. The second chamber is in fluid
communication with the recycled gas outlet.

In another specific embodiment, the separator includes a housing defining an
anode exhaust inlet, a recycled gas outlet and an exhaust gas outlet, and a CO,-gas
permeable membrane. The anode exhaust inlet and the recycled gas outlet are
independently in fluid communication with the anode. The housing and the membrane
defines at least in part a first chamber and a second chamber. The first chamber is in fluid
communication with the anode exhaust inlet and the recycled gas outlet. The second
chamber is in fluid communication with the exhaust gas outlet.

In another embodiment, the present invention is directed to a method of forming a
fuel cell system as described above. The method includes forming a fuel cell stack that
includes at least one fuel cell, the fuel cell including an anode, a cathode and an

electrolyte between the anode and cathode. The method further includes forming a
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separator. Features of the separator are as described above for the fuel cell system of the
invention.

In yet another embodiment, the present invention is directed to a method of
recycling anode exhaust gas in a fuel cell system. The fuel cell system includes a fuel cell
stack including at least one fuel cell, and a separator. Each fuel cell includes a cathode,
an anode and an electrolyte between the cathode and the anode. Features of the separator
are as described above for the fuel cell system of the invention.

In one specific embodiment of the method of recycling anode exhaust gas, the
separator includes a housing defining an anode exhaust inlet, a recycled gas outlet and an
exhaust gas outlet, and an Hy-gas permeable membrane. Other features of this separator
are as described above for the separator of the fuel cell system of the invention, which
includes an H,-gas permeable membrane. In the method, an anode exhaust gas is directed
from the anode of the fuel cell to the separator. The anode exhaust gas includes H; gas.
The anode exhaust gas is then transported into the first chamber through the anode
exhaust inlet, and at least a portion of the H, gas contained in the anode exhaust gas
permeates through the membrane into the second chamber to thereby form recycled
anode-exhaust gas that includes the H; gas in the second chamber, and leave H,-deficient
exhaust gas in the first chamber. The recycled anode-exhaust gas is directed to the anode
of the fuel cell.

In another specific embodiment of the method of recycling anode exhaust gas, the
separator includes a housing defining an anode exhaust inlet, a recycled gas outlet and an
exhaust gas outlet, and a CO,-gas permeable membrane. Other features of this separator
are as described above for the separator of the fuel cell system of the invention, which
includes a CO,-gas permeable membrane. In the method, an anode exhaust gas is
directed from the anode of the fuel cell to the separator. The anode exhaust gas includes
CO, and H, gases. The anode exhaust gas is then transported into the first chamber
through the anode exhaust inlet. At least a portion of the CO; gas contained in the anode
exhaust gas permeates through the membrane into the second chamber to thereby form
CO,-rich exhaust gas in the second chamber, and form recycled anode-exhaust gas that is
CO,-gas deficient in the first chamber. The recycled anode-exhaust gas is directed to the

anode of the fuel cell.
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With the present invention for recycling anode exhaust, total fuel utilization can
be increased, potentially near 100% fuel utilization. As such, the efficiency of the fuel
cell system of the invention can be increased, compared to one that does not have a
separator to recycle anode exhaust. This high efficiency of the fuel cell system can in
turn allow to use a relatively small sized fuel stack. The fuel cell systems of the invention
can be used in various applications, for example, to generate power and/or generating hot
water.

Typically, in order to produce hydrogen gas from hydrocarbon fuel sources, such
as natural gas, the fuel sources need to be reformed or pre-reformed using an oxygen
source, such as steam and/or oxygen gas, to prevent elemental carbon formation. Steam
has often been used in the art. To generate such steam, a boiler or steam generator is
generally required, which makes the fuel cell system more complex and large in scale. In
addition, a water purifying system is often further required to protect catalysts. In
contrast, in the present invention, substantially pure hot water (steam) is recycled, and
thus, extensive water treatment units, and steam generators or boilers, generally are not

necessary, thereby simplifying the fuel cell system.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic drawing of a fuel cell system of the invention.

FIGs. 2A-2D are schematic drawings of some separators that can be used in the
invention.

FIGs. 3A and 3B are schematic drawings showing gas flows in some separators

that can be used in the invention.

DETAILED DESCRIPTION OF THE INVENTION

The foregoing will be apparent from the following more particular description of
example embodiments of the invention, as illustrated in the accompanying drawings in
which like reference characters refer to the same parts throughout the different views.
The drawings are not necessarily to scale, emphasis instead being placed upon illustrating

embodiments of the present invention.
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FIG. 1 shows one embodiment of the fuel cell systems of the invention, fuel cell
system 100. Fuel cell system 100 includes fuel cell stack 10, separator 30, fuel source 50,
oxygen gas source 60 and gas exhaust 70. Fuel cell stack 10 includes at least one fuel cell
12. Fuel cell 12 includes anode 14, cathode 16 and electrolyte 18. Anode 14 is in fluid
communication with fuel source 50, such as H, gas or a natural gas which can be
converted into Hj, optionally via anode flow field 20. Cathode 16 is in fluid
communication with oxygen gas source 60, such as air, optionally via cathode flow field
22. Separator 30 that include membrane 40 (which is referred to herein collectively for
membranes 40A and 40B) is in fluid communication with anode 14 of fuel cell 12 and
with gas exhaust or burner 70, optionally via reformer 80 and/or pre-reformer 82. In one
embodiment, separator 30 includes H,-gas permeable membrane 40A. In another
embodiment, separator 30 includes CO,-gas permeable membrane 40B. As shown in
FIG. 1, fuel cell system 100 can further include power conditioner 90.

Referring to FIG. 2A, one embodiment of separator 30, separator. 30A, is depicted
in the figure. As shown in FIG. 2A, separator 30A includes housing 32 defining first gas
inlet 34, first gas outlet 36 and second gas outlet 38. Separator 30A further includes
membrane 40. Housing 32 and membrane 40 define at least in part first chamber 42 and
second chamber 44. First chamber 42 is in fluid communication with first gas inlet 34
and second gas outlet 38. Second chamber 44 is in fluid communication with first gas
outlet 36.

Another embodiment of separator 30, separator 30B, is depicted in FIG. 2B. As
shown in FIG. 2B, separator 30B includes the features of separator 30A described above,
and further includes second gas inlet 46 in fluid communication with a fuel gas source
and with second chamber 44.

Another embodiment of separator 30, separator 30C, is depicted in FIG. 2C. As
shown in FIG. 2C, separator 30C includes the features of separator 30A described above,
and further includes third gas inlet 48 in fluid communication with first chamber 42.

Referring to FIG. 2D, another embodiment of separator 30, separator 30D, is
depicted in the figure. As shown in FIG. 2D, separator 30D includes the features of
separator 30A described above, and further includes second gas inlet 46 in fluid
communication with second chamber 44, and third gas inlet 48 in fluid communication

‘with first chamber 42.
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Referring to FIGs. 1 and 2A-2D, in one embodiment of fuel cell system 100,
separator 30 (which is collectively referred to for separators 30A-30D hereinafter)
employs H,-gas permeable membrane 40A that can selectively permeate at least H,-gas.
In this embodiment, first gas inlet 34, first gas outlet 36 and second gas outlet 38 of
separator 30 are anode exhaust inlet, recycled gas outlet and exhaust gas outlet,
respectively. In this embodiment, first gas inlet 34 (i.e., anode exhaust inlet) is in fluid
communication with anode 14 of fuel cell 12. First gas outlet 36 (i.e., recycled gas outlet)
is also in fluid communication with anode 14 of fuel cell 12, preferably through reformer
80 and/or pre-former 82. Second gas outlet 38 (i.e., exhaust gas outlet) is in fluid
communication with gas exhaust or burner 70. Anode exhaust gas contains typically H,
gas that is not used in fuel cell 12." In this embodiment, the anode exhaust gas is
transported into first chamber 42 through first gas inlet 34 (i.e., anode exhaust inlet). The
H, gas from the anode exhaust gas permeates through membrane 40 into second chamber
44, and is recycled back to anode 14 of fuel cell 12. The remaining gas in first chamber
42 that is H,-gas deficient is directed out of the chamber to gas exhaust or burner 70
through second gas outlet 38 (i.e., exhaust gas outlet).

In one specific embodiment employing an H,-gas permeable membrane for
membrane 40, separator 30A (FIG. 2A) is employed.

In another specific embodiment employing H>-gas permeable membrane 40A,
separator 30B (FIG. 2B) or 30D (FIG. 2D) that includes second gas inlet 46 is employed.
Second gas inlet 46 is a fuel gas inlet that is in fluid communication with fuel source 50.
In this specific embodiment, a fuel gas, such as a natural gas, is transported into second
chamber 44. In second chamber 44, the fuel gas is combined with the recycled anode
exhaust that includes the H, gas permeated from first chamber 42 through membrane 40
into second chamber 44, and the combined gas stream is directed to anode 14 of fuel cell
12. In this embodiment, the fuel gas can help purge gases in second chamber 44 out
through first gas outlet 36 (i.e., recycled gas outlet) to anode 14 of fuel cell 12.
| In yet another specific embodiment employing H,-gas permeable membrane 40A,
separator 30C (FIG. 2C) or 30D (FIG. 2D) that includes third gas inlet 48 is employed.
Third gas inlet 48 is a purging gas inlet that is in fluid communication with first chamber
42 and with cathode 16 of fuel cell 12, or oxygen gas source 60, such as an air source, or

exhaust from exhaust gas or burner 70 (depicted in FIG. 1 with dotted lines 15, 17 and 19,
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respectively). The cathode exhaust from cathode 16, or the gas stream (e.g. air stream)
from oxygen gas source 60, or exhaust gas or burner 70 is directed to first chamber 42
through third gas inlet 48. Such gas stream can help purge gases in first chamber 42 out
through second gas outlet 38 (i.e., exhaust gas outlet). In this specific embodiment, a fuel
gas, such as a natural gas, is transported into second chamber 44, and recycled back to
anode 14 of fuel cell 12, as described above.

In some embodiments employing H,-gas permeable membrane 40A, the H,-gas
permeable membrane is further selectively permeable to CO gas. Alternatively, the H,-
gas permeable membrane is further selectively permeable to CO and H,O gases.
Alternatively, the H,-gas permeable membrane is further selectively permeable to CO,
CO; and H;0.

FIG. 3A shows gas flows in separator 30 where membrane 40A can selectively
permeate H; gas; H, gas, and CO gas; or H gas, CO gas and H,O gas from first chamber
34 into second chamber 36. As shown in the figure, the permeated gas(es) into second
chamber 36 is recycled, and the remaining gas(es) in first chamber 34 is directed to gas
exhaust or burner 70.

Referring to FIGs. 1 and 2A-2D, in another embodiment of fuel cell system 100,
separator 30 employs CO;-gas permeable membrane 40B that can selectively permeate at
least CO; gas. Preferably, the CO,-gas permeable membrane selectively does not
permeate H; gas. In this embodiment, first gas inlet 34, first gas outlet 36 and second gas
outlet 38 are anode exhaust inlet, exhaust gas outlet and recycled gas outlet, respectively.
In this embodiment, first gas inlet 34 is in fluid communication with anode 14 of fuel cell
12. First gas outlet 36 (exhaust gas outlet) is in fluid communication with gas exhaust or
burner 70. Second gas outlet 38 (recycled gas outlet) is in fluid communication with
anode 14 of fuel cell 12, preferable through reformer 80 and/or pre-former 82. In this
embodiment, anode exhaust gas is transported into first chamber 42 through first gas inlet
34 (i.e., anode exhaust inlet). The CO,; gas contained in the anode exhaust gas permeates
through membrane 40 into second chamber 44 and is purged out to gas exhaust or burner
70. The H, gas contained in the anode exhaust gas remains in first chamber 42 and is
directed to anode 14 of fuel cell 12 through second gas outlet 38 (i.e., recycled gas outlet)

for recycling.
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In one specific embodiment employing CO,-gas permeable membrane permeable
membrane 40B , separator 30A (FIG. 2A) is employed.

In another specific embodiment employing CO»-gas permeable membrane
permeable membrane 40B, separator 30B (FIG. 2B) or 30D (FIG. 2D) that includes
second gas inlet 46 is employed. Second gas inlet 46 is a purging gas inlet that is in fluid
communication with either cathode 16 of fuel cell 12, or oxygen gas source 60, or exhaust
from gas exhaust or burner 70 (depicted in FIG. 1 with dotted lines 15, 17 and 21,
respectively). The cathode exhaust from cathode 16, or the gas stream (e.g. air stream)
from oxygen gas source 60, or exhaust from exhaust gas or burner 70 is directed to
second chamber 44 through second gas inlet 46 (i.e., purging gas inlet). Such gas stream
can help purge gases in second chamber 44 out through first gas outlet 36 (i.c., exhaust
gas outlet). In this specific embodiment, a fuel gas, such as a natural gas, is transported
into first chamber 42, and recycled back to anode 14 of fuel cell 12 through second gas
outlet 38 (i.e., recycled gas outlet), as described above.

In yet another specific embodiment employing CO,-gas permeable membrane
40B, separator 30C (FIG. 30C) or 30D (FIG. 30D) that includes third gas inlet 48 is
employed. Third gas inlet 48 is a fuel gas inlet that is in fluid communication with first
chamber 42 and with fuel source 50. In this specific embodiment, a fuel gas, such as a
natural gas, is transported into first chamber 42 of separator 30. In first chamber 42, the
fuel gas is combined with the recycled anode exhaust that includes the H; gas, and the
combined gas stream is directed to anode 14 of fuel cell 12 through second gas outlet 38
(i.e., recycled gas outlet). In this embodiment, the fuel gas can help purge gases in first
chamber 42 out through second gas outlet 38 (i.e., recycled gas outlet) to anode 14 of fuel
cell 12.

In some embodiments employing CO,-gas permeable membrane 40B, the CO,-
gas permeable membrane is further selectively permeable to H>O gas.

FIG. 3B shows gas flows in separator 30 where membrane 40B can selectively
permeate CO, gas, or CO; and H,O gases. As shown in the figure, the permeated gas(es)
into second chamber 36 is directed to gas exhaust or burner 70, and the remaining gas(es)
in first chamber 34 is recycled.

Referring back to FIG. 1, in one preferred embodiment, fuel cell system 100

further includes reformer 80 and optionally pre-reformer 82, which is in fluid
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communication with separator 30 and anode 14 of fuel cell 12. Reformer 80 includes a
catalyst to convert a fuel source, such as natural gas or other hydrocarbon fuel sources,
into hydrogen gas. Pre-reformer 82 can remove heavy hydrocarbons to prevent carbon
formation in reformer 80 or fuel cell stack 10. Generally, fuel and steam are fed into pre-
reformer 82, and heavy hydrocarbons of the fuel are reformed to syngas, such as methane.
The syngas formed at pre-reformer 82 is then fed into reformer 80 and converted into
hydrogen gas. Pre-former 82 generally operates at about 350 °C to 550 °C adiabatically.
Un-reacted hydrocarbons of the fuel at pre-former 82 can be reformed in reformer 80.
Alternatively, when high temperature fuel cell stack 10 is employed (e.g., at a
temperature about 350 °C to 550 °C), the un-reacted hydrocarbons can be reformed at fuel
cell stack 10. Preferably, the steam to be used at pre-reformer 82 or reformer 80 is from
the recycled anode exhaust.

In the embodiment where reformer 80 and optionally pre-reformer 82 are
employed, recycled exhaust gas from separator 30 is directed to reformer 80 optionally
via pre-reformer 82. In one particular embodiment, fuel gas from fuel source 50 is
directed to separator 30 and combined with the recycled gas, and the combined gas
stream is directed to reformer 80, as depicted with dotted route 11 in FIG. 1. In another
specific embodiment, fuel gas from fuel source 50 is directly in fluid communication with
reformer 80 independently from recycled exhaust gas stream, as depicted with dotted
route 13 in FIG. 1. In yet another specific embodiment, fuel gas from fuel source 50 is
directly in fluid communication with anode 14.

Any suitable reformer and pre-reformer known in the art can be used in the
invention. Specific examples of suitable reformers include steam reformers, auto-thermal
reformers and partial oxidation reformers. Generally, an oxidizer is combined with the
fuel (e.g., natural gas) to generate hydrogen gas and oxidized byproduct(s) (e.g., CO or
CO,). For the oxidizer, typically, steam reformers use steam, while partial oxidation
reformers use oxygen gas, and auto-thermal reformers use both steam and oxygen gas.

Although a reformer, separate from fuel cell stack 10, is depicted in FIG. 1,
alternatively, fuel cell stack 10 can include fuel cell 12 that functions as an internally
reforming fuel cell. Within such internally reforming fuel cell, reformation of natural gas
or other hydrocarbon fuels into hydrogen gas can be accomplished. One example of such

internally reforming fuel cell is a steam reforming fuel cell where hot steam generated
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from cathode of the fuel cell is used for the catalytic conversion of fuels into hydrogen
gas.

Fuel cell system 100 can further includes power conditioner 90, as shown in FIG.
1. Typically, fuel cell 12 generates direct current electricity, which may require
conditioning before serving. Power conditioner 90 processes the electricity generated
from fuel cell 12 into, for example, alternating current or regulated direct current.

In some embodiments, fuel source is hydrogen gas itself. In these embodiments,
reformer 80 is not required, and the hydrogen gas from fuel source 50 and the recycled
anode exhaust are directly in fluid communication with anode 14 of fuel cell 12.

Although, in FIG. 1, separate gas channels, anode and cathode flow fields 20, 22,
are described, electrodes that define at least in part gas channels can also be used in the
invention.

Fuel cell systems of the invention can be made by any suitable method known in
the art. Exemplary methods can be found in “High Temperature Solid Oxide Fuel Cells:
Fundamentals, Design and Applications,” Dinghal, ef al. Ed., Elsevier Ltd. (2003), the
entire teachings of which are incbrporated herein by reference.

Any suitable membrane known in the art can be used for forming membrane 40 of
separator 30. Preferably, membrane 40 is a membrane that can be operated at high
temperatures, such as greater than about 100 °C. Membrane 40 can be a polymer-,
ceramic- or nantotube-based membrane. Ceramic membranes include silica- based and
zeolite-based membranes. Specific examples of H, gas permeable polymer membranes
include polyimides, polysulfones, polysulfone silicones, and cellulose acetates. Specific
examples of CO,-permeable polymer membranes include polydimethylsiloxane (PDMS)
and cross-linked poly(ethylene glycol) dicarylate (PEGda).

Any suitable anode and cathode materials known in the art can be used in the
invention. Specific examples of suitable anode and cathode materials can be found, for
example, in “High Temperature Solid Oxide Fuel Cells: Fundamentals, Design and
Applications,” pp. 119-169, Dinghal, et al. Ed., Elsevier Ltd. (2003). Specific examples
of the cathode materials include includes a La-manganate based material (e.g., La;.
MnOs, where x =0 — 0.1). In a specific embodiment, the La-manganate based materials
are doped with one or more suitable dopants, such as Sr, Ca, Ba or Mg. Examples of

doped La-manganate based materials include LaSr-manganates (e.g., La; xSryMnOs,
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where x = 0.1 - 0.3, (La + Sr)/Mn = 1.0 — 0.95 (molar ratio)) and LaCa-manganates (e.g.,
La;«CayMnOs, where x = 0.1 — 0.3, (La + Ca)/Mn = 1.0 — 0.95 (molar ratio)). Specific
examples of the anode materials include a Ni cermet. The “Ni cermet” generally refers to
a ceramic metal composite that includes Ni, such as about 20wt% - 70wt% of Ni.
Examples of Ni cermets are materials that include Ni and yttria-stabilized zirconia (YSZ),
such as ZrO, containing about 15 wt% of Y,O3, and materials that include Ni and Y Sr-
zirconia.

Any suitable electrolyte material known in the art can be used for electrolyte 18 of
the invention. Preferably, electrolyte 18 is a solid electrolyte. Suitable specific solid
electrolytes can be found, for example, in “High Temperature Solid Oxide Fuel Cells:
Fundamentals, Design and Applications,” pp. 83-112, Dinghal, et al. Ed., Elsevier Ltd.
(2003). Specific examples include ZrO, based materials, such as Sc;03-doped ZrO,,
Y,0s-doped Zr0,, and Yb,0;-doped ZrO,; CeO; based materials, such as Sm;O3-doped
Ce0,, Gd,03-doped Ce0,, Y,0;3-doped CeO, and CaO-doped CeO,; Ln-gallate based
materials (Ln = a lanthanide, such as La, Pr, Nd or Sm), such as LaGaO; doped with Ca,
Sr, Ba, Mg, Co, Ni, Fe or a mixture thereof (e.g., Lag gSro2GagsMgo203,

Lag gSro2Gag sMgo.15C00.0503, Lag oSro1Gag sMgp 203, LaSrGaOsy, LaSrGaz;0; or

Lag oA¢ 1Gas where A = Sr, Ca or Ba); and mixtures thereof. Other examples include
doped yttrium-zirconate (e.g., YZr,05), doped gadolinium-titanate (e.g., GdT1,07) and
brownmillerites (e.g., Ba;InyOg or BazIn,0s).

Any suitable thickness of anode 14 and cathode 16 can be employed in the
invention. In one specific embodiment, the thickness of anode 14 and cathode 16 is each
independently in a range of between about 1 mm and about 2 mm.

Any suitable thickness of electrolyte 18 can be employed in the invention. In one
specific embodiment, the thickness of electrolyte 18 is in a range of between about 5 um
and about 20 um, such as between about 5 pm and about 10 pm. In another specific
embodiment, the thickness of electrolyte 18 is thicker than about 100 um. Although not
shown in FIG. 1, when a plurality of fuel cells 12 are employed, fuel cell stack 10 further
includes an interconnect between fuel cells 12. Any suitable interconnect can be used in

the invention. Specific examples can be found in “High Temperature Solid Oxide Fuel
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Cells: Fundamentals, Design and Applications,” pp. 173-190, Dinghal, et al. Ed., Elsevier
Ltd. (2003).

The present invention is also directed to a method of forming a fuel cell system,
comprising the steps of forming a fuel cell stack that includes at least one fuel cell, the
fuel cell includes an anode, a cathode and an electrolyte between the anode and cathode,
and forming a separator that includes a housing defining an anode exhaust inlet, a
recycled gas outlet and an exhaust gas outlet, wherein the anode exhaust inlet and the
recycled gas outlet are, independently, in fluid communication with the anode, and an H,-
gas permeable membrane, the housing and the membrane defining at least in part a first
chamber and a second chamber, the first chamber being in fluid communication with the
anode exhaust inlet and the exhaust gas outlet, the second chamber being in fluid
communication with the recycled gas outlet. In a specific embodiment, the membrane is
further selectively permeable to CO gas. In another specific embodiment, the membrane
is further selectively permeable to CO and H,O gases. In yet another specific
embodiment, the membrane is further selectively permeable to CO, CO; and H,O gases.

In one specific embodiment, the housing of the separator further defines a purging
gas inlet in fluid communication with the first chamber and with the cathode of the fuel
cell or a source of air. The method further includes the step of forming a reformer that is
between, and in fluid communication with, the recycled gas outlet and the anode, wherein
the reformer includes a catalyst that converts a fuel gas to H; gas. The housing of the
separator further defines a fuel gas inlet in fluid communication with a fuel gas source
and the second chamber of the separator. The reformer is in fluid communication with a
fuel gas source. The anode of the fuel cell is in direct fluid communication with a fuel
gas source.

In another specific embodiment, the method of recycling anode exhaust gas in a
fuel cell system includes a fuel cell stack that includes at least one fuel cell, the fuel cell
including an anode, a cathode and an electrolyte between the anode and cathode,
comprising the steps of directing anode exhaust gas including H; gas from the anode of
the fuel cell to a separator, the separator including a housing defining an anode exhaust
inlet, a recycled gas outlet and an exhaust gas outlet, wherein the anode exhaust inlet and
the recycled gas outlet are, independently, in fluid communication with the anode, and an

H,-gas permeable membrane, the housing and the membrane defining at least in part a
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first chamber and a second chamber, the first chamber being in fluid communication with
the anode exhaust inlet and the exhaust gas outlet, the second chamber being in fluid
communication with the recycled gas outlet, whereby the anode exhaust gas is transported
into the first chamber through the anode exhaust inlet, and at least a portion of the H, gas
in the anode exhaust gas permeates the membrane to the second chamber, thereby
forming recycled anode-exhaust gas, and directing the recycled anode-exhaust gas to the
anode of the fuel cell. The anode exhaust gas further contains CO and H,0, and the
membrane is further selectively permeable to CO gas, to thereby cause the CO gas of the
anode exhaust gas to pass from the first chamber into the second chamber. In yet another
specific embodiment, the anode exhaust gas further contains CO and H,O, and the
membrane is further selectively permeable to CO and H,O gases, to thereby cause the CO
and H,O gases of the anode exhaust gas to pass from the first chamber into the second
chamber. In another specific embodiment the anode exhaust gas further contains CO and
H,0, and the membrane is further selectively permeable to CO, CO; and H,O gases, to
thereby cause the CO, CO; and H,O gases ofithe exhaust gas to pass from the first
chamber into the second chamber.

In one specific embodiment, the method further includes the step of directing the
H,-deficient exhaust gas out of the first chamber through the exhaust gas outlet to a gas
exhaust or a burner. The housing of the separator further defines a purging gas inlet in
fluid communication with the first chamber and with the cathode of the fuel cell or a
source of air, and the method further includes the step of directing a stream of air from the
air source, or a stream of cathode exhaust gas from the cathode of the fuel cell, into the
first chamber through the purging gas inlet, to thereby cause the H,-deficient exhaust gas
to be directed out of the first chamber by the air or cathode exhaust gas stream.

In another specific embodiment, the method further includes the step of directing
a fuel gas from a source of the fuel gas to a reformer positioned between, and in fluid
communication with, the recycled gas outlet and the anode, whereby the reformer
converts the fuel gas to H, gas. The housing of the separator further defines a fuel gas
inlet in fluid communication with the second chamber, and the fuel gas is directed from
the fuel gas source to the reformer through the separator.

In yet another specific embodiment, the method further includes the step of

directing the fuel gas from the fuel gas source to the second chamber of the separator
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through the fuel gas inlet. In one specific embodiment, the method further includes the
step of directing the recycled anode-exhaust gas from the separator to the reformer
through the recycled gas outlet. In another specific embodiment, the method further
includes the step of directing the H, gas converted at the reformer and the H, gas of the
recycled anode-exhaust gas from the reformer to the anode of the fuel cell. In yet another
specific embodiment, the method further includes the step of directing the fuel gas from
the fuel source to the reformer independently from the recycled anode-exhaust gas. In
one specific embodiment, the method further includes the step of directing the fuel gas
from the fuel source to join the recycled anode-exhaust gas to thereby direct the fuel gas
and the recycled anode-exhaust gas that has passed through the separator to the reformer.

In a specific embodiment, the invention relates to a method of forming a fuel cell
system, comprising the steps of forming a fuel cell stack that includes at least one fuel
cell, the fuel cell including an anode, a cathode and an electrolyte between the anode and
cathode, and forming a separator that includes, a housing defining an anode exhaust inlet,
a recycled gas outlet and an exhaust gas outlet, whereih the anode exhaust inlet and the
recycled gas outlet are, independently, in fluid communication with the anode, and a CO,-
gas permeable membrane, the housing and the membrane defining at least in part a first
chamber and a second chamber, the first chamber being in fluid communication with the
anode exhaust inlet and the recycled gas outlet, the second chamber being in fluid
communication with the exhaust gas outlet. In another specific embodiment, the CO»-gas
permeable membrane is further selectively permeable to H>O gas. In one specific
embodiment, the housing of the separator further defines a purging gas inlet in fluid
communication with the second chamber and with the cathode of the fuel cell or a source
of air.

In another specific embodiment, the method further includes the step of forming a
reformer that is between, and in fluid communication with, the recycled gas outlet and the
anode, wherein the reformer includes a catalyst that converts a fuel gas to H, gas. The
housing of the separator further defines a fuel gas inlet in fluid communication with a fuel
gas source and the second chamber of the separator. The reformer is in fluid
communication with a fuel gas source. The anode of the fuel cell is in fluid

communication with a fuel gas source.
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In yet another specific embodiment, the invention relates to a method of recycling
anode exhaust gas in a fuel cell system that includes a fuel cell stack including at least
one fuel cell, the fuel cell including an anode, a cathode and an electrolyte between the
anode and cathode, comprising the steps of directing anode exhaust gas containing CO,
and H; gases from the anode of the fuel cell to a separator that includes, a housing
defining an anode exhaust inlet, a recycled gas outlet and an exhaust gas outlet, wherein
the anode exhaust inlet and the recycled gas outlet are, independently, in fluid
communication with the anode, and a CO,-gas permeable membrane, the housing and the
membrane defining at least in part a first chamber and a second chamber, the first
chamber being in fluid communication with the anode exhaust inlet and the recycled gas
outlet, the second chamber being in fluid communication with the exhaust gas outlet,
whereby the anode exhaust gas is transported into the first chamber through the anode
exhaust inlet, and at least a portion of the CO; gas contained in the anode exhaust gas
permeates through the membrane into the second chamber to thereby form CO,-rich
exhaust gas in the second chamber, and form recycled anode-exhaust gas that is CO»-gas
deficient in the first chamber, and directing the recycled anode-exhaust gas to the anode
of the fuel cell. In one specific embodiment, the anode exhaust gas further contains CO
and H,O. In another specific embodiment, the membrane is further selectively permeable
to H,O gas, to thereby cause the H,O gas of the anode exhaust gas to pass from the first
chamber into the second chamber. In yet another specific embodiment, the method
further includes the step of directing the CO,-rich exhaust gas out of the second chamber
through the exhaust gas outlet. The housing of the separator further defines a purging gas
inlet in fluid communication with the second chamber and with the cathode of the fuel
cell or a source of air. In one specific embodiment, the method further includes the step
of directing a stream of air from the air source, or a stream of cathode exhaust gas from
the cathode of the fuel cell, into the second chamber through the purging gas inlet, to
thereby cause the CO,-rich exhaust gas to be directed out of the second chamber by the
air or cathode exhaust gas stream. In another specific embodiment, the method further
includes the step of directing a fuel gas from a source of the fuel gas to a reformer
positioned between, and in fluid communication with, the recycled gas outlet and the
anode, wherein the reformer converts the fuel gas to H, gas. The housing of the separator

further defines a fuel gas inlet in fluid communication with the first chamber, and the fuel

15



WO 2009/020636 PCT/US2008/009485

gas is directed from the fuel gas source to the reformer through the separator. In yet
another specific embodiment, the method further includes the step of directing the fuel
gas from the fuel gas source to the first chamber of the separator through the fuel gas
inlet. In one specific embodiment, the method further includes the step of directing the
fuel gas and the recycled anode-exhaust gas from the separator to the reformer through
the recycled gas outlet. In a specific embodiment, the method further includes the step of
directing the H, gas converted at the reformer and H, gas of the recycled anode-exhaust
gas from the reformer to the anode of the fuel cell. In another specific embodiment, the
method further includes the step of directing the fuel gas from the fuel source to the
reformer independently from the recycled anode-exhaust gas. In yet another specific
embodiment, the method further includes the step of directing the fuel gas from the fuel
source to join the recycled anode-exhaust gas to thereby direct the fuel gas and the

recycled anode-exhaust gas that has passed through the separator to the reformer.
EQUIVALENTS

While this invention has been particularly shown and described with references to
example embodiments thereof, it will be understood by those skilled in the art that
various changes in form and details may be made therein without departing from the

scope of the invention encompassed by the appended claims.
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CLAIMS
What is claimed is:
1. A fuel cell system, comprising:
a) a fuel cell stack that includes at least one fuel cell, the fuel cell including,
i) a cathode,
ii) an anode, and

iii) an electrolyte between the cathode and the anode; and
b) a separator, including,

i) a housing defining an anode exhaust inlet, a recycled gas outlet and
an exhaust gas outlet, wherein the anode exhaust inlet and the
recycled gas outlet are, independently, in fluid communication with
the anode, and

i) an Hj-gas permeable membrane,

the housing and the membrane defining at least in part a first chamber and

a second chamber, the first chamber being in fluid communication with the

anode exhaust inlet and the exhaust gas outlet, the second chamber being

in fluid communication with the recycled gas outlet.

2. The fuel cell system of Claim 1, wherein the membrane is further selectively

permeable to at least one of CO, CO; and H,O gases.

3. The fuel cell system of Claim 1, wherein the housing of the separator further
defines a purging gas inlet in fluid communication with the first chamber and with

the cathode of the fuel cell or a source of air.

4. The fuel cell system of Claim 3, further including a reformer that is between, and
in fluid communication with, the recycled gas outlet of the separator and the
anode of the fuel cell, wherein the reformer includes a catalyst that converts a fuel

gas to Hj gas.

S. A method of forming a fuel cell system, comprising the steps of:
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a) forming a fuel cell stack that includes at least one fuel cell, the fuel cell
includes an anode, a cathode and an electrolyte between the anode and
cathode; and

b) forming a separator that includes,

1) a housing defining an anode exhaust inlet, a recycled gas outlet and
an exhaust gas outlet, wherein the anode exhaust inlet and the
recycled gas outlet are, independently, in fluid communication with
the anode, and

ii) an Hj-gas permeable membrane,

the housing and the membrane defining at least in part a first chamber and

a second chamber, the first chamber being in fluid communication with the

anode exhaust inlet and the exhaust gas outlet, the second chamber being

in fluid communication with the recycled gas outlet.

6. The method of Claim 5, wherein the membrane is further selectively permeable to

at least one of CO, CO; and H,O gases.

7. The method of Claim 5, wherein the housing of the separator further defines a
purging gas inlet in fluid communication with the first chamber and with the

cathode of the fuel cell or a source of air.

8. The method of Claim 7, further including the step of forming a reformer that is
between, and in fluid communication with, the recycled gas outlet and the anode,

wherein the reformer includes a catalyst that converts a fuel gas to H, gas.

9. A method of recycling anode exhaust gas in a fuel cell system that includes a fuel
cell stack that includes at least one fuel cell, the fuel cell including an anode, a
cathode and an electrolyte between the anode and cathode, comprising the steps
of:

a) directing anode exhaust gas including H; gas from the anode of the fuel
cell to a separator, the separator including,
i) a housing defining an anode exhaust inlet, a recycled gas outlet and

an exhaust gas outlet, wherein the anode exhaust inlet and the

18



WO 2009/020636 PCT/US2008/009485

10.

11.

12.

13.

b)

recycled gas outlet are, independently, in fluid communication with

the anode, and
i1) an H,-gas permeable membrane,
the housing and the membrane defining at least in part a first chamber and
a second chamber, the first chamber being in fluid communication with the
anode exhaust inlet and the exhaust gas outlet, the second chamber being
in fluid communication with the recycled gas outlet,

whereby the anode exhaust gas is transported into the first chamber
through the anode exhaust inlet, and at least a portion of the H; gas in the
anode exhaust gas permeates the membrane to the second chamber,
thereby forming recycled anode-exhaust gas; and

directing the recycled anode-exhaust gas to the anode of the fuel cell.

The method of Claim 9, wherein the anode exhaust gas further contains CO and

H,0, and wherein the membrane is further selectively permeable to CO gas, to

thereby cause the CO gas of the anode exhaust gas to pass from the first chamber

into the second chamber.

The method of Claim 9, wherein the anode exhaust gas further contains CO and

H,0, and wherein the membrane is further selectively permeable to CO and H,O

gases, to thereby cause the CO and H,O gases of the anode exhaust gas to pass

from the first chamber into the second chamber.

The method of Claim 9, wherein the anode exhaust gas further contains CO and

H,0, and wherein the membrane is further selectively permeable to CO, CO, and

H,0 gases, to thereby cause the CO, CO, and H,O gases of the exhaust gas to pass

from the first chamber into the second chamber.

A fuel cell system, comprising:

a)

a fuel cell stack that includes at least one fuel cell, the fuel cell including,
1) a cathode,
i1) an anode, and

iit) an electrolyte between the cathode and the anode; and

19



WO 2009/020636 PCT/US2008/009485

14.

15.

16.

17.

b) a separator including,

1) a housing defining an anode exhaust inlet, a recycled gas outlet and
an exhaust gas outlet, wherein the anode exhaust inlet and the
recycled gas outlet are, independently, in fluid communication with
the anode, and

ii) a CO,-gas permeable membrane,

the housing and the membrane defining at least in part a first chamber and

a second chamber, the first chamber being in fluid communication with the

anode exhaust inlet and the recycled gas outlet, the second chamber being

in fluid communication with the exhaust gas outlet.

The fuel cell system of Claim 13, wherein the CO»-gas permeable membrane is

further selectively permeable to H,O gas.

The fuel cell system of Claim 13, wherein the housing of the separator further
defines a purging gas inlet that is in fluid communication with the second chamber

and with the cathode of the fuel cell or a source of air.

The fuel cell system of Claim 15, further including a reformer that is between, and
in fluid communication with, the recycled gas outlet of the separator and the
anode of the fuel cell, wherein the reformer includes a catalyst that converts a fuel

gas to H; gas.

A method of forming a fuel cell system, comprising the steps of:

a) forming a fuel cell stack that includes at least one fuel cell, the fuel cell
including an anode, a cathode and an electrolyte between the anode and
cathode; and

b) forming a separator that includes,

i) a housing defining an anode exhaust inlet, a recycled gas outlet and
an exhaust gas outlet, wherein the anode exhaust inlet and the
recycled gas outlet are, independently, in fluid communication with
the anode, and

i1) a CO,-gas permeable membrane,
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18.

19.

20.

21.

the housing and the membrane defining at least in part a first chamber and
a second chamber, the first chamber being in fluid communication with the
anode exhaust inlet and the recycled gas outlet, the second chamber being

in fluid communication with the exhaust gas outlet.

The method of Claim 17, wherein the CO,-gas permeable membrane is further

selectively permeable to H,O gas.

The method of Claim 17, wherein the housing of the separator further defines a
purging gas inlet in fluid communication with the second chamber and with the

cathode of the fuel cell or a source of air.

The method of Claim 19, further including the step of forming a reformer that is
between, and in fluid communication with, the recycled gas outlet and the anode,

wherein the reformer includes a catalyst that converts a fuel gas to H; gas.

A method of recycling anode exhaust gas in a fuel cell system that includes a fuel

cell stack including at least one fuel cell, the fuel cell including an anode, a

cathode and an electrolyte between the anode and cathode, comprising the steps

of:

a) directing anode exhaust gas containing CO, and H; gases from the anode
of the fuel cell to a separator that includes,

1) a housing defining an anode exhaust inlet, a recycled gas outlet and
an exhaust gas outlet, wherein the anode exhaust inlet and the
recycled gas outlet are, independently, in fluid communication with
the anode, and

i) a CO;-gas permeable membrane,

the housing and the membrane defining at least in part a first chamber and

a second chamber, the first chamber being in fluid communication with the

anode exhaust inlet and the recycled gas outlet, the second chamber being

in fluid communication with the exhaust gas outlet,
whereby the anode exhaust gas is transported into the first chamber

through the anode exhaust inlet, and at least a portion of the CO, gas
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22.

23.

24.

contained in the anode exhaust gas permeates through the membrane into
the second chamber to thereby form CO,-rich exhaust gas in the second
chamber, and form recycled anode-exhaust gas that is CO,-gas deficient in
the first chamber; and

b) directing the recycled anode-exhaust gas to the anode of the fuel cell.

The method of Claim 21, wherein the anode exhaust gas further contains CO and
H,O0.

The method of Claim 22, wherein the membrane is further selectively permeable
to H,O gas, to thereby cause the H,O gas of the anode exhaust gas to pass from

the first chamber into the second chamber.

The method of Claim 21, further including the step of directing the CO,-rich

exhaust gas out of the second chamber through the exhaust gas outlet.
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