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CATHODE COLLECTOR STRUCTURES FOR MOLTEN CARBONATE FUEL
CELL

FIELD OF THE INVENTION
Structures for improving the interface between the cathode and the cathode

collector in a molten carbonate fuel cell are provided, along with methods of operating such a

fuetl cell.

BACKGROUND OF THE INVENTION

This application discloses and claims subject matter made as a result of
activities within the scope of a joint research agreement between ExxonMobil Research and
Engineering Company and FuelCell Energy, Inc. that was in effect on or before the effective
filing date of the present application.

Molten carbonate fuel cells utilize hydrogen and/or other fuels to generate
glectricity. The hydrogen may be provided by reforming methane or other reformable fuels in
a steam reformer, such as a steam reformer located upstream of the fuel cell or integrated
within the fuel cell. Fuel can also be reformed in the anode cell in a molten carbonate fuel
cell, which can be operated to create conditions that are suitable for reforming fuels in the
anode. Still another option can be to perform some reforming both externally and internally
to the fuel cell. Reformable fuels can encompass hydrocarbonaceous materials that can be
reacted with steam and/or oxygen at elevated temperature and/or pressure to produce a
gaseous product that comprises hydrogen.

The basic structure of a molien carbonate fuel cell includes a cathode, an
angde, and a matrix between the cathode and anode that includes one or more molien
carbonate salts that serve as the electrolyte. During conventional operation of a molien
carbonate fuel cell, the molten carbonate salis partially diffuse into the pores of the cathode.
This diffusion of the molten carbonate salis into the pores of the cathode provides an
interface region where COn can be converted into COs% for fransport across the electrolyte o
the anode.

In addition to thesc basic structures, volumes adjacent to the anode and
cathode are typically included in the fuel cell. This allows an anode gas flow and a cathode

gas flow to be delivered to the anode and cathode, respectively. In order to provide the
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volume for the cathode gas flow while still providing electrical contact between the cathode
and the separator plate defining the outer boundary of the fuel cell, a cathode collector
structure can be used. An anode collector can be used to similarly provide the volume for the
anode gas flow.

U.S. Patents 6,492,045 and 8,802,332 describe examples of current collectors

for molien carbonate fuel cells. The current collectors correspond to corrugated struciures.

SUMMARY OF THE INVENTION

{n an aspect, a method for producing electricity in a molten carbonate fuel cell
is provided. The method can include iniroducing an anode input stream comprising Ha, a
reformabie fuel, or a combination thereof into an anode gas collection zone., The anode gas
collection zone can be defined by an anode surface, a first scparator plate, and an anode
collector providing support between the anode surface and the separator plate. The method
can further inclade introducing a cathode input stream comprising Oy, HoO, and CO; into a
cathode gas collection zone. The cathode gas collection zone can be defined by a cathode
surface, a second separator plate, and a cathode collecior providing support between the
cathode surface and the second separator plate. The molien carbonate fuel cell can be
operated at a transference of 0.97 or less and an average current density of 60 mA/em?® or
more 1o generate eleciricity, an anode exhaust comprising Ha, CO, and C(O», and a cathode
exhaust comprising 2.0 vol% or less COsy, 1.0 vol% or more Oy, and 1.0 vol% or more HyO.
Additionally or alternately, an average cathode gas lateral diffusion length can be 0.40 om or
less. Additionally or aliernately, an open area of the cathode surface can correspond to 45%
or more of a total surface area of the cathode surface.

In another aspect, 3 molten carbonate fuel cell is provided. The molten
carbonate fuel cell can include an anode, a first separator plate, and an anode collector in
contact with the anode and the first separator plate to define an anode gas collection zone
between the anode and the first separator plate. The molten carbonate fuel cell can further
include a cathode, a second separator plate, and a cathode collector in contact with the
cathode and the second separator plate io define a cathode gas collection zone between the
cathode and the second separator plate. The molien carbonate fuel cell can further include an
clectrolyie matrix comprising an electrolyte between the anode and the cathode. The molten

carbonate tuel cell can further include an average cathode gas lateral diffusion length of (.40
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mm or less and/or an open area of the cathode surface that is greater than 45% of a total

surface area of the cathode surface.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows an example of a cathode collector structure.

FIG. 2 shows an example of a repeating patiern unit that can be used to
represent the cathode collector structure shown in FIG. 1.

FIG. 3 shows an example of a repeating pattern umit that can be used to
represent the cathode collector structure shown in FIG. 1 when the loop structures of the
cathode collector are in contact with the cathode surface.

FIG. 4 shows an example of a cathode collector structure.

FIG. 5 shows an example of a repeating patiern unit that can be used to
represent the cathode collector structure shown in FIG. 4.

FIG. 6 shows another example of the repeating pattern anit of FIG. 5.

FIG. 7 shows an example of a cathode collector configuration with the loop
structures making contact with the cathode surface.

FIG. 8 shows an example of a grooved cathode structure.

FIG. 9 shows an example of a molien carbonate fuel cell.

FIG. 10 shows a flow patiern example for a molten carbonate fuel cell with an
angde flow direction that is aligned roughly perpendicular 1o a cathode flow direction.

FIG. 11 shows results for actual CO; utilization versus apparent CO;
utilization for molien carbonate fuel cells with a variety of cathode open areas.

FIG. 12 shows operating voltage versus actual €0, utilization for molten
carbonate fuel cells with a variety of cathode open areas.

FIG. 13 shows an example of average current density over time for fuel cells
having different open areas at the cathode surface operated under conditions that result in
substantial alternative ion transport.

FIG. 14 shows an example of the relationship between pressure drop and inlet
cathode gas velocity.

FIG. 15 shows another example of a cathode collector structure.
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DETAILED DESCRIPTION OF THE INVENTION

In various aspects, cathode collector structures and/or corresponding cathode
structures are provided that can allow for improved operation for a molten carbonate fuel ccll
when operated onder conditions for elevated CO; wtilization. When operating a2 molien
carbonate fuel cell at conditions that result in substantial transference (such as a transference
of 0.97 or less, or 0.95 or less), the cathode collector structure can increase the fransference
so that the amount of alternative ion transport that occurs within the fuel cell is reduced or
mimimized. This can allow elevaied transfer of CO» to occur from cathode to anode while
reducing or minimizing the amount of fuel cell degradation due to the transport of alternative
ions.

The cathode collecior structures and/or cathode structures can provide this
benefit based on one or more characteristics of the structures. In some aspects, the cathode
collector can be characterized based on the percentage of the cathode surface that CO; can
effectively reach without requiring substantial diffusion through the cathode. One type of
characterization can be based on the open area of the cathode. This corresponds to the portion
of the cathode surface that is not in contact with the cathode collector. For example, as
defined herein, the open area of the cathode surface can be 45% or more, or 50% or more, or
55% or more, or 60% or more, such as up to substantially all of the cathode surface
corresponding to open area {i.e., up to roughly 99%). This is in confrast fo conventional
cathode collector structures, which can have open areas of the cathode surface of 40% or less,
or 35% or less. Additionally or aliernately, the characterization can be based on an average
cathode gas lateral diffusion length to reach the cathode surface. For example, as defined
herein, the average cathode gas lateral diffusion length can be 0.4 nun or less, or 0.3 mm or
less, or .2 mm or less. Additionally or alternately, one option for increasing the open area
can be 1o reduce or minimize the amount of contiguous closed or blocked area at the cathode
surface. This can be achieved, for example, by using a cathode collector structure where the
distance from any point on the cathode surface {0 an open area location is less than | mm in
any direction.

{t has been unexpectedly discovered that cathode collector structures that
provide at least one of an open area of 45% or more or an average cathode gas lateral
diffusion length of 0.4 mm can result in improved fuel cell performance when operating a

fuet cell at elevated CO; utilization conditions. In various aspecis, the improved fuel cell
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performance can correspond io an unexpected increase in fuel cell voltage and/or an
wsnexpected decrease in transference (a decrease in the difference between measured COn
utilization and the amount of CO; utilization calculated based on the average current density).

A typical value for the open area on the cathode surface in a conventional
molten carbonate fuel is roughly 33%. FIG. 1 shows an example of a cathode collector
configuration that would result in an open area of 33% if used m a conventional
configuration. In FIG. 1, surface 110 of the collector corresponds to a plate-like surface that
includes a regular patiern of openings 115, The openings 115 in surface 110 were formed by
punching the surface to form loop structures 120 that extend below the plane of surface 110.
In a conventional configuration, surface 110 would be placed in contact with a cathode
surface, while loop structures 120 would extend upward to support a bipolar plate, separator
plate, or other plate structure that is used to define the volume for receiving a cathode input
gas. The plate structure would contact loop structures 120 at the botiom edge 122 of the loop
structures, In FIG. 1, the spacing 140 between openings 120 is roughly the same distance as
the length 124 of the openings 120. In FIG. 1, the spacing 160 between the openings is
roughly half of the width 126 of the openings 120. Based on these relative distance
relationships, this type of repeating pattern results in an open area of roughly 33%. It is noted
that a typical value for length 124 can be roughly 2.0 mm, while a typical value for width 126
can be roughly 6.0 mn.

FIG. 4 shows an ecxample of a different type of cathode collector
configaration. In FIG. 4, the distance relationships between the opeunings and the spacing
between the openings is changed. If the configuration in FIG. 4 is deployed with surface 410
in contact with a cathode surface, the resulting open area would be roughly 64%. This is
based on the relationships of having length 424 and width 426 being roughly the same (i.e.,
roughly square openings), with spacing 440 and spacing 460 being roughly 0.125 times (i.e.,
roughly one-cighth) the length and width, respectively, An example of a suitable value for
length 424 and width 426 is roughly 5.1 mun, while a suitable value for spacing 440 and 460
is roughly 0.635 mm. It is noted that the rectangular pattern in FIG. 1 and the square patiern
in FIG. 4 represent convenient patterns for illustration, and that any other convenient type of
pattern and/or irregular arrangement of openings could also be used.

In some aspects, increased open area and/or reduced cathode gas diffusion
length can be provided by using a cathode collector similar to FIG. 4, where a configuration

with surface 410 in contact with the cathode surface results in an open area of 45% or more,
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In other aspects, increased open area and/or reduced cathode gas diffusion length can be
provided by using a cathode configuration where the loop structures of the collector are in
proximity to the cathode surface and the plate-like structure (if any) is in contact with the
separator plate. In such a configuration, the open area of the cathode surface can be
substantially increased and can typically be greater than 50%.

Additionally or alternately, in some aspects, the cathode collector can be
characterized based on the contact area between the cathode and the cathode collector.
Conventionally, typical cathode collector structures can interact with the cathode surface
based on having a plate-like structure that has openings to allow the cathode input gas to have
access to the cathode surface. In a conventional configuration, the plate-like structure is in
contact with the cathode surface. Optionally, the openings in the plate-like structure can be
formed by forming loop structures in the plate so that the loops protrude upward from the
plate-like surface. The loop structures can then provide both support and electrical contact
with the separator plate that defines the boundary of the fuel cell. For such a conventional
configuration, providing sufficient electrical contact is of low concern. However, for cathode
collector structures without a plate-like structure in contact with the cathode surface, the
formation of carbonate ions may be limited due to lack of proximity to a conductive surface
that can provide the needed clectrons. One type of characierization can be based on the
percentage of contact area between the cathode and the cathode collector. As defined herein,
the percentage of contact area between the cathode surface and the cathode collector can be
determined based on the open area, with the contact area being calculated by subtracting the
open area from 100%. In some aspects, the contact area can be 10% or more, or 15% or more,
or 18% or more, such as up 1o 65% or possibly still higher. Additionally or aliemately, the
characterization can be based on an average lateral contact length, corresponding to an
average distance between a point on the cathode surface and a point of contact between the
cathode collector and the cathode surface. For example, as defined herein, the average contact
area diffusion length can be 1.0 mm or less, or 0.9 mm or less, or 0.7 mum or less.

Stilt another type of characterization can be based on the pressure drop caused
by the cathode collecior. Generally, reducing the unblocked flow cross-section for the
cathode gas collection volume can result in an increased pressure drop across the cathode.
Because molten carbonate fuel cells are often operated at close to ambient pressure, a
pressure drop of only a few kPa across the cathode gas collection volume can poteuntially be

significant relative to proper operation of the fuel cell. Thus, when selecting a cathode
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collector structure to increase the open area at the cathode surface, it can also be beneficial to
select a cathode collector structure that redaces or minimizes the amount of blocked flow
cross-section of the cathode gas collector volume. For example, FIG. 14 shows an example of
the pressure drop across a cathode gas collection volume relative to the velocity of the
cathode input gas. In the example shown in FIG. 14, the height of the cathode gas collection
volume is 0.58 inches (~1.5 cm). The length of the cathode gas collection volume is 27 jnches
(68.5 cm). Thus, the pressure drop shown corresponds to a pressure drop for gas after
traversing the 68.5 cm of length of the cathode (i.e., the length of the cathode gas collection
volume). As shown in FIG. 14, the pressure drop is less than 1 kPa at low velocitics but has a
parabolic increase with increasing velocity for the cathode input gas. It is noted that for
conventional molten carbonate fuel cell gperation for power generation, typical values of the
cathode tnput gas flow velocity are roughly 5 m/s or less. By contrast, when operating a fuel
cell for carbon capture, the cathode input gas flow velocity can be 5 m/s to 15 /s, or
possibly higher. At such higher values for the cathode input gas flow velocity, the pressure
drop in FIG. 14 can be on the order of 2 kPa — 5 kPa with only 10% of the flow channel
blocked.

Conventional operating conditions for molten carbonate fuel cells typically
correspond to conditions where the amount of alternative jon transport is reduced, minimized,
or non-existent. The amount of allernative ion transport can be guantified based on the
transference for a fuel cell. The transference is defined as the fraction of ions transported
across the molten carbonate electrolyte that correspond to carbonate ions, as opposed to
hydroxide ions and/or other ions. A convenient way to determine the transference can be
based on comparing a} the measured change in CO» concentration at the cathode inlet versus
the cathode outlet with b) the amount of carbonate ion transport required to achieve the
current density being produced by the fuel celll It is noted that this definition for the
transference assumes that back-transport of CO; from the anode to the cathode is minimal. It
is believed that such back-transport is minimal for the operating conditions described herein.
For the CO» concentrations, the cathode nput stream and/or cathode output stream can be
sampled, with the sample diverted to a gas chromatograph for determination of the CO;
content. The average current density for the fuel cell can be measured in any convenient
ETner.

Under conventional operating conditions, the transference can be relatively

close to 1.0, such as 0.98 or more and/or such as having substantially no alternative ion
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transport. A transference of 0.98 or more means that 98% or more of the ionic charge
transporied across the electrolyte corresponds fo carbonate ions. It is noted that hydroxide
ions have a charge of -1 while carbonate ions have a charge of -2, so two hydroxide ions need
to be transported across the electrolyte to result in the same charge transfer as transport of one
carbonate ion.

{n contrast to conventional operating conditions, operating a molien carbonate
fuel cell with transference of 0.95 or less {or 0.97 or less when operating with a cathode
collector that provides an increased open area) can increase the effective amount of carbonate
ion transport that is achieved, even though a portion of the current density generated by the
fuel cell is due to transport of ions other than carbonate ions. In order to operate a fuel cell
with a transference of 0.97 or less, depletion of CO; has 16 occur within the fuel cell cathode.
It has been discovered that such depletion of CO; within the cathode tends to be localized. As
a result, many regions within a fuel cell cathode can stili have sufficient CO; for normal
operation. These regions contain additional CO: that would be desirable to iransport across an
electrolyte, such as for carbon capture. However, the CO; in such regions is typically not
transported across the electrolyte when operating under conventional conditions. By selecting
operating conditions with a transference of 0.97 or less, or 0.95 or less, the regions with
sufficient CO» can be used to transport additional CO» while the depleied regions can operate
based on alternative ton transport, This can increase the practical Hmit for the amount of CO;
captured from a cathode input stream.

The structures described here can provide additional benefits when operating
an MCFC to have enhanced CO; utilization. One difficulty in using MCFCs for elevated CO;
capture is that the operation of the fuel cell can potentially be kinetically limited if one or
more of the reactants required for fuel cell operation is present in low gquantities. For
example, when using a cathode inpuot stream with a COy content of 4.0 vol% or less,
achieving a CO; utilization of 75% or more corresponds o a cathode outlet concentration of
1.0 vol® or less. However, a cathode outlet concentration of 1.0 vol% or less does not
necessarily mean that the CO: 18 evenly distributed throughout the cathode. Insiead, the
concentration will typically vary within the cathode due to a variety of factors, such as the
flow patterns in the anode and the cathode. The variations in C0O» concentration can result in
portions of the cathode where CO; concentrations substantially below 1.0 vol% are present.

Conventionally, it would be expected that depletion of CO; within the cathode

would lead to reduced voltage and reduced current density. However, it has been discovered
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that current density can be maintained as CQy is depleted due to ions other than CO3> being
transported across the electrolyie. For example, a portion of the ions transported across the
electrolyte can correspond to hydroxide ions {OH"). The transport of alternative ions across
the electrolyte can allow a fuel cell to maintain a target current density even though the
amount of CO» transported across the electrolyte is insufficient.

In conirast to conventional operating conditions, operating a molien carbonate
fuel cell with transference of 0.95 or less (or .97 or less when operating with elevated
pressure) can incrgase the effective amount of carbonate ion transport that is achieved, even
though a portion of the current density generated by the fuel cell is due 1o transport of ions
gther than carbonate ions. In order to operate a fuel cell with a transference of 0.97 or less, or
{(0.95 or less, depletion of C(¥; has to occur within the fuel cell cathode. It has been discovered
that such depletion of CO» within the cathode tends to be localized. As a result, many regions
within a fuel cell cathode can still have sufficient CO; for normal operation. These regions
contain additional CO;: that would be desirable to transport across an electrolyte, such as for
carbon capture. However, the CO» in such regions is typically not transporied across the
electrolyte when operating under conventional conditions. By selecting operating conditions
with a transference of 0.97 or less, or (.95 or less, the regions with sufficient C(O; can be used
to transport additional CO; while the depleted regions can operate based on alternative ion
transport, This can increase the practical limit for the amount of CO; captured from a cathode
input stream.

One of the advantages of transport of alternative tons across the electrolyie is
that the fuel cell can continue to operaie, even though a sufficient number of CO, molecules
are not kinetically available. This can allow additional CO; to be transferred from cathode to
anode even though the amount of T, present in the cathode would conventionally be
considered insufficient for normal fuel cell operation. This can allow the fuel cell {0 operate
with a measured CO; utilization closer to 100%, while the calculated CO, utilization (based
on current density) can be at least 3% greater than the measured CO» utilization, or at least
5% greater, or at least 10% greater, or at least 20% greater. 1t is noted that aliernative ion
transport can allow a fuel cell to operate with a current density that would correspond to more
than 100% calculated CO; utilization.

Although transport of alternative ions can allow a fuel cell to maintain a target
current density, it has further been discovered that transport of alternative ions across the

clectrolyte can also reduce or minimize the lifetime of a molten carbonate fuel cell. Thus,
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mitigation of this loss in fuel cell lifetime is desirable. It has been unexpectedly discovered
that increasing the open area of the cathode surface and/or decreasing the average cathode gas
lateral diffusion length can reduce or minimize the amount of alternative ion transport while
performing elevated CO: capture.

In some aspects, elevated CO, capture can be defined based on the amount of
transference, such as a transference of 0.97 or less, or 0.95 or less, or .93 or less, or 8.90 or
less, Maintaining an operating condition with {ransference of 0.97 or less can typically also
result in a CO» concentration in the cathode oulput stream of 2.0 vol% or less, or 1.5 vol% or
less, or 1.0 vol% or less. At higher CO» concentrations in the cathode output stream, there is
typically not sufficient local depletion of CO; to result in lower transference values.

The presence of elevated CO; capture can also be indicated by other factors,
although such other factors are by themselves typically not a sufficient condition to indicate
clevated CO» capture. For example, when using a lower CO; concentration cathode input
stream, elevated CO» capture can in some aspects correspond to a CO utilization of 70% or
more, or 75% or more, or 80% or more, such as up to 95% or possibly still higher. Examples
of lower conceniration sources of CO; can correspond to CO» sources that result in cathode
input streams containing 5.0 vol% or less of COz, or 4.0 vol% or less, such as down to 1.5
vol% or possibly lower. The exhaust from a natural gas turbing is an example of a CO»-
containing stream that ofien has a CO: content of 5.0 vol%% or less of COs, or 4.0 vol% or
less. Additionally or alternately, elevated CO; capture can correspond to operating conditions
where the molten carbonate fuel cell is used to generate a substantial amount of current
density, such as 60 mA/cm? or more, or 80 mA/cm? or more, or 100 mA/cm? or more, or 120
mA/en? or more, or 150 mA/cmy?® or more, or 200 mA/cm® or more, such as up to 300
mA/cm? or possibly still higher. It is noted that aliernative ion transport can also be indicated
by a reduced operating voltage for a fuel cell, as the reaction pathway for alternative ion
transport has a lower theoretical voltage than the reaction pathway that uses carbonate ions,

Conventionally, the CO; conceniration in the cathode exhaust of a molien
carbonate fuel cell is maintained at a relatively high value, such as 5 vol% COr or more, or 10
vol% COs or more, or possibly still higher. Additionally, molien carbonate fuel cells are
typically operated at CO; utilization values of 70% or less. When cither of these conditions
are present, the dominant mechanism for transport of charge across the molten carbonate
clectrolyte is transport of carbonate ions. While it is possible that transport of alternative ions

{such as hydroxide ions} across the electrolyte occurs under such conventional conditions, the
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amount of alternative ion transport is de minimis, corresponding to 2% or less of the current
density (or equivalently, a transference of .98 or more).

As an alternative to describing operating conditions in terms of transference,
the operating conditions can be described based on measured CO» utilization and “calculated”
Oy utilization based on average current density. In this discussion, the measured COy
utilization corresponds to the amount of CO; that is removed from the cathode input stream.
This can be determined, for example, by using gas chromatography to defermine the CO
concentration in the cathode input stream and the cathode output stream. This can also be
referred to as the actual CO; utilization, or simply as the CO; utilization. In this discussion,
the calculated C(» utilization is defined as the CO; utilization that would occur if all of the
current density generated by the fuel cell was generated based on transport of C0:% ions
across the electrolyte (i.e., transport of ions based on C0y). The difference in measured COy
utilization and the calculated CO» utilization can be used individually to characterize the
amount of alternative ion transport, and/or these values can be used to calculate the
transference, as described above.

In some aspects, any convenient type of electrolyte suitable for operation of a
molten carbonate fuel cell can be used. Many conventional MCUFCs use a eutectic carbonate
mixture as the carbonate electrolyte, such as a eutectic mixture of 62 molt®% lithium carbonate
and 38 mol% potassium carbonate (62% LiaCO3/38% KoCOs) or a eutectic mixture of 52
mol% lithium carbonate and 48 mol% sodium carbonate (52% Li(C(0:/48% Na:CQs). Cther
eutectic mixtures are glso avatlable, such 85 a eutectic mixture of 40 mol%s hithium carbonale
and 60 mol% potassium carbonate (40% Li:C0/60% KaCOs). While eutectic mixtures of
carbonates can be convenient as an electrolyte for various reasons, non-cutectic mixtures of
carbonates can also be suitable. Generally, such non-eutectic mixtures can include various
combinations of lithium carbonate, sodium carbonate, and/or potassium carbonate.
Optionally, lesser amounts of other metal carbonates can be inchuided in the electrolyte as
additives, such as other alkali carbonates (rubidium carbonate, cesium carbonaie), or other
types of metal carbonates such as barium carbonate, bismuth carbonate, lanthanum carbonate,
or tantalum carbonaie,

Definitions

Open area and Contact Area: The open area of a cathode surface (adjacent to

the cathode current collector) is defined as the percentage of the cathode surface that is not in

contact with the cathode current collector. FIG. 2 and FIGG. 5 show two examples of repeating
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units {i.e., unit cells) that can be used ic represent the contact arca and open area for a
cathode surface that is in contact with the plate-like surface of a cathode collector. The
example repeat units in FIG. 2 and FIG, 5 correspond to the repeating patterns {(unit cells) that
can be used to represent the structures shown in FIG. 1 and FIG. 4, respectively. In FIG. 2
and FIG. S, the dark areas correspond to areas where the collector is in contact with the
cathode surface, while the light areas correspond to arcas where gas can pass between the
cathode and the collector,

As an example of a calculation to determine open area, distance 126 in FIG. 2
can be set to 3.0, distance 266 can be set to 0.75, distance 124 can be set to 1.0, and distance
244 can be set to 0.5, It is noted that adding both distances 244 results in the value of distance
144 (1.5) from FIG. 1. Similarly, adding both distances 266 together results in the value of
distance 160 (1.0} from FEG. 1. Based on the distances in FIG. 2, the open area 210 for the
configuration shown in FIG. 2 is 33%. This can be determined, for example, by noting that
the area of open area 210 15 3.0 * 1.0 = 3.0, while the area of the total repeating unit is (0.75 +
3.0+ 0.75) * (0.5 + 1.0 + 0.5) = 2.0. Thus, the open area percentage 1s 3.0/ 9.0, or 33%. It is
noted that the distances in FIG. 2 are normalized and therefore are in arbitrary length units.

A similar calculation can be used to calculate the open area 510 for the repeat
pattern shown in FIG. 5. In FIG. 3, distance 424 can be set to 8.0, distance 544 can be set to
1.0, distance 426 can be set to 8.0, and distance 566 can be set to 1.0. This results in an open
area of 64 / 100, or 64%,.

The contact area corresponds to the remaining portion of the cathode surface
that does not correspond to open area. Thus, one option for calculating the contact area is to
subtract the open area from 100%.

Average cathode gas lateral diffusion length: The average cathode gas lateral
diffusion length is defined as the average lateral distance from an open area location on a
cathode surface to each point on the cathode surface. For the purposes of this definition, the
lateral diffusion length for any point corresponding to an open area location is defined as
ZET0.

The average cathode gas lateral diffusion length can also be calculated for
cathode surfaces having the repeating patterns shown in FIG. 2 and FIG. 3, respectively. The
same normalized distances shown in FIG. 2 and FIG. 5 can be used, with the end result being

multiplied by an appropriate scaling factor to represent a given configuration.
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One option for determining the average cathode gas lateral diffusion length
can be to directly calculate the vahie, based on a repeating pattern element, such as by using a
commercially available software package. Additionally, relatively good approximate values
¢can be determined in a straightforward manner. FIG. 6 shows another example of the
repeating pattern element shown in FIG. 5. (Shading is not used in FIG. 6 to designate open
area versus contact arca.) In FIG. 6, the region around open area 510 can be divided into
several pieces. For lateral arcas 672 and 674, the average distance from an open area is
simply half of the length of the lateral area, or .5, Stmilarly, for vertical areas 682 and 684,
the average distance from an open area is half of the width of the vertical area, or 0.5. For
corner arcas 692, 694, 696, and 698, an upper limit for the average distance can be
determined based on the maximum distance, or the distance from the open area to the top
corner of the square. Half of that maximum distance is roughly 0.7, which provides a
bounding upper limit for the average distances within corner areas 692, 694, 696, and 696.

The above average distances can then be used to determine the average
cathode gas lateral diffusion length by multiplying the average distances by the percentage of
the total area corresponding to each distance. Areas 672, 674, 682, and 684 correspond to
32% of the total area of the repeat pattern unit shown in FIG. 6. The comer areas correspond
to 4% of the total area. The remaining 64% of the area corresponds to the open area 510,
which by definition has a distance of zero. These values can be used to determine an upper
limit for the average cathode gas lateral diffusion length of (0.64%0 + 0.32%0.5 + 0.04*0.7) =
0.188. The 0.188 valoe can then be multiplied by a scaling factor that is representative of a
real system. In this example, the scaling factor described above for FIG. 4 of 0.635 mm can
be used. Multiplying 0.188 by a scaling factor of .635 mm resulis in an average cathode gas
lateral diffusion length of 0.12 mm. It is noted that based on the assumptions used when
calculating the average distance values for coroer areas 692, 694, 696, and 698, the value of
(.12 mm represents an upper bound for the actual average cathode gas lateral diffusion
length.

The caleulation above can also be performed for the repeat patiern shown in
FIG. 2. However, insiead of determining an upper bound, the estimation for the corners can
be used to provide a lower bound. Based on the values in FIG. 2, the lower bound for the
average cathode gas lateral diffusion length (in normalized units, without the scaling factor)

is 0.21. As described for the configuration in FIG. 1, a representative value for the scaling
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factor is 0.08 in, or 2.0 mm. Based on a scaling factor of 2.0 mm, the average cathode gas
lateral diffusion length would be 0.42 mum.

Average contact area diffusion length: The average contact area diffusion
fength is defined as the average lateral distance from a contact area location on a cathode
surface to each point on the cathode surface. For the purposes of this definition, the contact
area diffusion length for any point corresponding to a coniact area location is defined as zero.
An example of this calculation will be further illustrated below.

Unblocked flow cross section: In varigus aspects, a cathode collector structure
can provide structural support io maintain a distance or gap between the surface of the
cathode and the separator plate (such as bipolar plate) that corresponds to the end of a fuel
cell. This gap between the cathode and the separator plate corresponds to a cathode gas
collection volume that can receive cathode input gas. An unblocked flow cross-section can be
defined based on the direction of flow of the cathode input gas within the cathode gas
collection volume.

In this discussion, the direction of flow corresponds to the average path
between the cathode gas inlet and the cathode gas outlet. The central axis of the cathode gas
collection volume is defined as a line passing through the geometric center of the cathode gas
collection volume that is roughly parallel to the direction of flow. The flow cross-section
corresponds 1o the average cross-sectional area of the cathode gas collection volume along
the direction of flow based on cross-sections that are perpendicular to the central axis. It is
noted that the cathode gas collection volume will typically correspond to a parallelpiped, so
that the central axis will correspond 1o a straight line. However, for a cathode gas collection
volume having another type of shape, the central axis could potentially correspond to a
curved line,

The flow cross-section can potentially inchude both blocked flow cross-section
and unblocked flow cross-section. Examples of potential blocking structures can inchude, but
are not limited to, baffle structures and/or the cathode collector structure. The blocked flow
cross-section is defined as the portion (percentage) of the flow cross-section where a line
parallel to the ceniral axis will intersect with a solid structure within the cathode gas
collection volume. The unblocked flow cross-section is defined as the portion of the flow
cross-section where such a parallel line does not infersect with a solid structure within the
cathode gas collection volume.

Cathode Collector Configurations with Increased Open Area
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Conventionally, a cathode collector structure such as the structure shown in
FIG. 1 would be oriented so that plate-like surface 110 is in contact with the cathode surface.
In various aspects, instead of using a conventional configuration, a cathode collector {such as
the structures shown in FIG. 1 or FIG. 4) can be oriented so that the bottom edges 122 of the
loop structures 120 are in contact with the cathode surface, while plate-like surface 110 1s in
contact with the separator plate.

FIG. 7 shows an example of this type of configuration, where the bottom
edges 122 of loop structures 120 are in contact with the cathode surface 730. As shown in
FIG. 7, baving bottom edges 122 of loop structures 120 as the coutact points with the cathode
surface can substantially increase the open area on the cathode surface, Similarly, the average
cathode gas lateral diffusion fength can be reduced or minimized by a configuration similar io
FIG. 7. However, due to the more limited nature of the electrical contact between the cathode
surface and the collector, the average contact area diffusion length can be increased.

As an example, the cathode collector shown in FIG. 1 could be used in 2
configuration where the bottom edges 122 of loop structures 120 are in contact with cathode
surface 730. In this type of configuration, the repeat pattern for the contact area of the
cathode surface with the collector can be represented by FIG. 3. FIG. 3 has the same repeat
cell size as the pattern shown in FIG. 2, as represented by square 301, However, most of the
repeat pattern corresponds to open area. A central portion 303 of square 301 is shown in dark
color, indicating the contact of the bottom edge of a loop structure with the surface of the
collector.

In FIG. 3, the height 324 of the central portion 303 is 1.0, or the same as the
height 124 of the open area 120 in FIG. 2. The width 326 of the central portion 303 is 1.5, or
half of the width 126 of the open area 120 in FIG. 2. The total length and width of unit cell
301 are the same as the pattern shown in FIG. 2. This results in a contact area of 1.5/ 9.0, or
roughly 16%.

Based on the pattern shown in FIG. 3, the average carbonate lateral diffusion
length can be determined in a manner similar to the calculation of average cathode gas lateral
diffusion length illustrated by FIG. 6. It is noted that the contact area {corresponding to area
303) is defined to have a diffusion length of zero. Based on the pattern shown in FI(G. 3, 3
lower bound for the average contact area diffusion length corresponds to 0.54 in arbitrary
units. When multiplied by a scaling factor of 2.0 vun, this results in a lower bound for the

average contact area diffusion length of 1.08 mm.
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A similar calculation can be performed based on using the cathode collector in
FIG. 4 in a configoration where the botiom edges of the loop structures are in contact with the
cathode surface. A similar set of assumptions can be made, so that the width of the contact
area is half of the open area in FIG. 5 or FIG. 6, while the length of the contact area is the
same as the open area in FIG. 5 or FIG. 6. Based on these values, using the collector in FIG.
4 in the configuration of FIG. 7 can result in a contact area of 32% and an upper bound for
the average contact arca diffusion length of 0.47 (normalized). When multiplied by the
scaling factor used for FIG. 4 of 1.27 mm, the resulting average contact area diffusion length
is roughly 0.6 mm.

Optionally, when a cathode collector is used with an open area greater than
78% and/or an increased average contact area diffusion length, an additional structure can be
included 1o reduce the average contact area diffusion length. For example, an open mesh
screen 750 with small mesh size (roughly 1.0 mm or less average cell width and/or length)
can be placed between the cathode surface 730 and the botiom edges 122 of loop structures
120. Because the sereen 750 1s supported by the cathode surface 730 and/or loop struchures
120, the screen 750 does not need to provide structural support, so the percentage of the
surface that is covered by the mesh structural material can be relatively low. Additionally, by
using a small mesh size, the average contact area diffusion length can be greatly reduced. For
cxample, with a mesh size of 1.0 nmun or less, the corresponding average contact arca
diffusion length can be reduced to 0.3 mm or less.

Stilt another example of a potential cathode collector structure is shown in
FIG. 15, In the structure shown in FIG. 15, the patiern of the cathode collector structure
roughly corresponds to a square wave, but rather than using a solid plate, the square wave
structure is formed from a mesh screen. This type of configuration can be beneficial for
providing increased open surface area at the cathode surface (reduced average cathode gas
lateral diffusion length) while also providing a reduced or minimized distance between points
of contact between the cathode collector and the cathode surface (reduced average contact
arga diffusion length). The square wave pattern itself can result in a blocked area of 50% or
less. The open mesh structure by itself can also result in a blocked area of 50% or less. By
using such an open mesh structure to construct the square wave, a blocked area of 25% or
less {and therefore an open area of 75% or more)} can be readily achieved. As an example, a
cathode collector using the sguare wave pattern and mesh structure shown in FIG, 15 can be

formed where distance “P” (the peried for the square wave) corresponds to 0.205 inches
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{~0.52 cm) while distance “A” (the amplitude for the sguare wave) corresponds to 0.081
mches (~0.21 cm). Such a cathode collector structure can result in a longest blocked
dimension at the cathode surface of 0.010 inches (~0.025 cm).

Textured Cathode Surface

In some aspects, another option for increasing the open area at the cathode
surface can be based on introducing grooves info the cathode surface. FIG. 8 shows an
example of a grooved cathode surface. As shown in FIG. 8, instead of having a planar
cathode surface, the upper portion of the cathode surface 810 can include a series of grooves
or channels 815, Cathode gas can enter these grooves through open areas and then travel
through the grooves to reach locations that otherwise would be covered by the cathode
collector 820. The cathode gas in the grooves 815 and/or above the cathode surface 810 can
then diffuse into the bulk portion 830 of the cathode to facilitate the molten carbonate fuel
cell reaction. When such grooves or channels are present on the cathode surface, the grooves
or channels can be considered open area under the definitions provided herein. A groove is
considered deep enough to correspond to open area if the groove has a depth of 10 yum or
more relative to the plane of contact for the cathode collector. In some aspects, the presence
of grooves or channels can increase the open area of a cathode surface by 5% or more relative
to the open area for a planar cathode surface in contact with the same collector, or 10% or
more, or 15% or more (such as up o a 40% increase or possibly still higher).

In some aspects, the grooves can be intercomnected, so that cathode gas
entering a groove at one location can potentially travel to any other location within a groove.
Alternatively, the grooves can be interconnected into a small plurality of networks, such as
less than 10, or less than 5, so that the number of isclated grooves is reduced or minimized.
The geometry of the interconnected surface texture can be deep enocugh io enhance mass
transfer but should allow minimal 250 pm regular cathode thickuess for sufficient
clectrochemical reaction sites, The grooves/channels can be spaced at most 250 pm to reduce
shadowing effects. The groove/channel width can be 100 pm at the surface where contact is
made with the cathode collector, bui can decrease to zero reaching the bottom of the
grooves/channels. The distance between interconnection points for the grooves/channels can
be less than 1000 um to allow gas mixing under arcas that are shadowed by the cathode
collector.

The channels or grooves in a cathode surface can be formed iun any convenient

manner. Examples of suitable processes for forming channels or grooves can include, but are
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not limited to, machining of a finished cathode surface to form the channels or grooves, pinch
rolling a pattern using textured rolls, and/or fabricating a sintered cathode structure including
the grooves or channels using a textured mold.

Conditions for Molten Carbonate Fuel Operation with Alternative lon Transport

In various aspects, the operating conditions for a molten carbonate fuel cell
{such as a cell as part of a fuel cell stack) can be selected to correspond to a transference of
0.97 or less, thereby causing the cell to transport both carbonate ion and at least one type of
alternative ion across the electrolyte. In addition o transference, operating conditions that can
indicate that a molten carbonate fuel cell is operating with transport of aliernative ions
include, but are not limited to, CO2 concentration for the cathode input stream, the COz
utilization in the cathode, the current density for the fuel cell, the voliage drop across the
cathode, the voltage drop across the anode, and the Oz concentration in the cathode input
stream. Additionally, the anode input stream and fuel utilization in the anode can be generally
selected to provide the desired current density.

Generally, to cause alternative ion transport, the CO; concentration in at least
a portion of the cathode needs to be sufficiently low while operating the fuel cell fo provide a
sufficiently high current density. Having a sufficiently low CO; conceniration in the cathode
typically corresponds to some combination of 2 low COz concentration in the cathode input
flow, a high CO, utilization, and/or a high average current density. However, such conditions
alone are not sufficient to indicate g transference of .97 or less, or 0.95 or less.

For example, a molten carbonate fuel cell with a cathode open area of roughly
33% was operated with a CO;, cathode inlet concentration of 19 vol%, 75% CO; utilization,
and 160 mA/cm? of average current density. These conditions corresponded to a difference
between calculated CO; utilization and measured CO; utilization of less than 1%. Thus, the
presence of substantial altemative ion transport / a transference of 0.97 or less, or .95 or less,
carmot be inferred simply from the presence of a high CO, utilization and a high average
current density.

As another example, a molten carbonate fuel cell with & cathode open area of
between 50% and 60% was operated with a COp cathode inlet conceniration of 4.0 vol%,
89% CO; utilization, and 100 mA/cm? of current density. These conditions corresponded to a
transference of at least .97, Thus, the presence of a transference of 0.95 or less/substantial
alternative ion transport cannot be inferred simply from the presence of high CO: utilization

in combination with low CO2 concentration in the cathode input stream,
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As still another example, a molien carbonate fuel cell with a cathode open area
of between 50% and 60% was operated with a CO; cathode mlet concentration of 13 vol%,
68% CO» utilization, and 100 mA/cm? of current density. These conditions corresponded to a
transference of at least 0.98.

In this discussion, operating an MCFC to transport alternative ions across the
clectrolyte is defined as operating the MCFC so that more than a de minimis amount of
aliernative ions are transported. It is possible that minor amounts of aliernative ions are
transported across an MCFC electrolyte under a variety of conventional conditions. Such
alternative ion transport under conventional conditions can correspond to a transference of
(.98 or more, which corresponds to transport of alternative ions corresponding to less than
2.0% of the current density for the fuel cell.

In this discussion, operating an MCFC to cause alternative ion transport is
defined as operating an MCFC with a transference of 0.95 or less, so that 5.0% or more of the
current density {or, 5.0% or more of the calculated CQO; utilization) corresponds to current
density based on transport of alternative ions, or 10% or more, or 20% or more, such as up to
35% or possibly still higher. It is noted that in some aspects, operating with increased open
area and/or reduced average cathode gas lateral diffusion length can reduce or minimize the
amount of aliernative ion transport under conditions that would otherwise result n a
transference of 0.95 or less. Thus, by operating with increased open area and/or reduced
average cathode gas lateral diffusion length, some operating conditions with clevated CO»
capture/substantial alternative 1on fransport may correspond to a transference of 0.97 or less.

In this discussion, operating an MCFC to cause substantial altemnative ion
transport (i.e., to operate with a transference of 0.95 or less, or 0.97 or less with increased
open area and/or reduced average cathode gas diffusion length) is further defined io
correspond to operating an MCFC with voltage drops across the anode and cathode that are
suitable for power generation. The total electrochemical potential difference for the reactions
in & molten carbonate fuel cell is ~1.04 V. Due to practical considerations, an MCFC is
typically operaied to generate curreni at a voltage near .7 V or about 0.8 V. This
corresponds o a combined voltage drop across the cathode, electrolyte, and anode of roughly
(.34 V. In order to maintain stable operation, the combined voltage drop across the cathode,
electrolyte, and anode can be less than ~0.5 V, so that the resulting current generated by the

fuel cell s at a voltage 0f 0.55 V or more, or 0.6 V or more.
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With regard to the anode, one condition for operating with substantial
aliernative ion fransport can be to have an Hz concentration of 8.0 vol% or more, or 10 vol%
or more in the region where the substantial alternative ion transport occurs. Depending on the
aspect, this could correspond to a region near the anode inlet, a region near the cathode outlet,
or a combination thereof. Geunerally, if the H; concentration in a region of the anode is too
low, there will be insufficient driving force to generaie substantial alternative ion transport.

Suitable conditions for the anode can also include providing the anode with
H», a reformable fuel, or a combination thereof, and operating with any convenient fuel
utilization that generates a desired current density, including fuel utilizations ranging from
20% to 80%. In some aspects, this can correspond to a traditional fuel utilization amount,
such as a fuel utilization of 60% or more, or 70% or more, such as up 1o 85% or possibly still
higher. In other aspects, this can correspond to a fuel utilization selected to provide an anode
output stream with an elevated content of H; and/or an elevated combined content of Hy and
CO (i.e., syngas}, such as a fuel utilization of 55% or less, or 50% or less, or 40% or less,
such as down to 20% or possibly still lower. The Hy content in the anode output siream
and/or the combined content of Hz and CO in the anode output stream can be sufficient to
allow generation of a desired current density. In some aspects, the H: content in the anode
output stream can be 3.0 vol% or more, or 5.0 vol% or more, or 8.0 vol% or more, such as up
to 15 vol% or possibly still higher. Additionally or alternately, the combined amount of H;
and CO in the anode output stream can be 4.0 vol% or more, or 6.0 voi% or more, or 10 vol%
or more, such as up 1o 20 vol% or possibly still higher. Optionally, when the fuel cell is
operated with low fuel wtilization, the H; content in the anode output stream can be in a
higher range, such as an Hj content of 10 vol% to 25 vol%. In such aspects, the syngas
content of the anode cutput stream can be correspondingly higher, such as a combined H and
CO content of 15 vol% to 35 vol%. Depending on the aspect, the anode can be operated to
ngcrease the amount of clecirical energy generated, to increase the amount of chemical energy
generated, (1.e., Hy generated by reforming that is available in the anode output stream}, or
operated using any other convenient strategy that is compatible with operating the fuel cell to
cause alternative jon transport.

In addition to having sufficient H; concentration in the anode, one or more
locations within the cathode need to have a low enongh CO; concentration so that the more
favorable pathway of carbonate ion transport is not readily available, In some aspects, this

can correspond to a having a CO; concentration in the cathode outlet stream (i.e., cathode
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exhaust) of 2.0 vol% or less, or 1.0 vol% or less, or 0.8 vol% or less. It is noted that due to
variations within the cathode, an average concentration of 2.0 vol% or less {or 1.0 vol% or
less, or 0.8 vol% or less) in the cathode exhaust can correspond to a still lower CO;z
concentration in localized regions of the cathode. For example, in a cross-flow configuration,
at a corner of the fuel cell that is adjacent to the anode inlet and the cathode outlet, the COy
concentration can be lower than a comer of the same fuel cell that is adjacent o the anode
outlet and the cathode outlet. Similar localized variations in CO; concentration can also occur
in fuel cells having a co-current or counter-current configuration.

In addition to having a low conceniration of CO;, the localized region of the
cathode can also have 1.0 vol% or more of O, or 2.0 vol% or more. In the fuel cell, Oz is
used to form the hydroxide ion that allows for alternative ion transport. If sufficient O is not
present, the fuel cell will not operate as both the carbonate jon transport and alternative ion
transport mechanisms are dependent on O3 availability. With regard to Oz in the cathode
input stream, in some aspects this can correspond o an oxygen content of 4.0 vol% to 15
vol%, or 6.0 vol% to 10 vol%.

It has been observed that a sufficient amount of water should also be present
for alternative ion transport to ocour, such as 1.0 vol% or more, or 2.0 vol% or more. Without
being bound by any particular theory, if water is not available in the cathode when attempting
to operate with substantial alternative ion transport, the fuel cell appears to degrade at a much
more rapid rate than the deactivation rate that is observed due to alternative ion transport with
sufficient water available. It is noted that because air is commonly used as an Oy source, and
since HoQ is one of the products generated during combustion, a sufficient amount of water is
typically available within the cathode.

Due to the non-uniform distribution of cathode gas and/or anode gas during
operation of a molten carbonate fuel cell for elevated CO, capture, it is believed that one or
more of the comers and/or edges of the molten carbonate fuel cell will typically have a
substantially higher density of alternative ion transport. The one or more corners can
correspond to locations where the CO; concentration in the cathode is lower than average, or
a location where the H; concentration in the anode is greater than average, or a combination
thereof.

In this discussion, a fuel cell can correspond to a single cell, with an anode and
a cathode separated by an electrolyte. The anode and cathode can receive input gas flows to

facilitate the respective anode and cathode reactions for transporting charge across the



10

26

WO 2020/112804 PCT/US2019/063293

-3

clectrolyte and generating electricity. A fuel cell stack can represent a plurality of cells in an
integrated wmt. Although a fuel cell stack can include multiple fuel cells, the fuel cells can
typically be connected in parallel and can function {approximately) as if they collectively
represented a single fuel cell of a larger size. When an inpwt flow is delivered to the anode or
cathode of a fuel cell stack, the fuel stack can include flow channels for dividing the input
flow between ecach of the cells i the stack and flow channels for combining the ouiput flows
from the individual cells. In this discussion, a fuel cell array can be used to refer to a plurality
of fuel cells (such as a phurality of fuel cell stacks) that are arranged in series, in paraliel, or in
any other convenient roanner {(e.g., in a combination of series and parallel). A fuel cell array
can include one or more stages of fuel cells and/or fuel cell stacks, where the anode/cathode
gutput from a first stage may serve as the anode/cathode input for a second stage. It is noted
that the anodes in a fuel cell array do not have 1o be conmected in the same way as the
cathodes in the array. For convenience, the input to the first anode stage of a fuel cell array
may be referred to as the anode input for the array, and the input to the first cathode stage of
the fuel cell array may be referred to as the cathode input to the arvay. Similarly, the ouiput
from the final anode/cathode stage may be referred to as the anode/cathode output from the
array.

It should be understood that reference to use of a fuel cell herein typically
denotes a “fuel cell stack” composed of individual fuel cells, and more generally refers fo use
of one or more fuel cell stacks in fluid conwnunication. Individual fuel cell clements (plates)
can typically be “stacked” together in a rectangular array called a “fuel cell stack.” This fuel
cell stack can typically take a feed stream and distribute reactants among all of the individual
fuel cell elements and can then collect the products from each of these elements. When
viewed as a unit, the fuel cell stack in operation can be taken as a whole even though
composed of many {(often tens or hundreds) of individual fuel cell elements. These individual
fuel cell elements can typically have suwilar voltages (as the reactant and product
concentrations are similar}, and the total power output can resuli from the summation of all of
the elecirical currents in all of the cell elements, when the elements are clecirically connected
in series. Stacks can also be amanged in g series arrangement to produce high voltages. A
parallel arrangement can boost the current. If a sutficiently large volume fuel cell stack is
available to process a given exhaust flow, the systems and methods described herein can be
used with a single molten carbouvate fuel cell stack. In other aspects of the jnvention, a

plurality of fuel cell stacks may be desirable or needed for a variety of reasons.



10

26

WO 2020/112804 PCT/US2019/063293

For the purposes of this invention, unless otherwise specified, the term “fuel
cell” should be understood 1o also refer to and/or is defined as including a reference to a fuel
cell stack composed of a set of one or more individual fuel cell elements for which there is a
single input and oulput, as that is the manner in which fuel cells are typically employed in
practice. Similarly, the term fuel cells (plural), unless otherwise specified, should be
understood to also refer to and/or s defined as including a plurality of separate fuel cell
stacks. In other words, all references within this document, unless specitically noted, can
refer interchangeably to the operation of a fuel cell stack as a “fuel cell.” For example, the
volume of exhaust generated by a conumercial scale combustion generator may be oo large
for processing by a fuel cell (i.e., a single stack) of conventional size. In order to process the
full exhaust, a plorality of fuel cells (i.e., two or more separate fuel cells or fuel cell stacks)
can be arranged in parallel, so that each fuel cell can process (roughly) an equal portion of the
combustion exhaust. Although multiple fuel cells can be used, each fuel cell can typically be
operated in a generally similar manner, given its (roughly) equal portion of the combustion
exhaust.

Anode

FIG. 9 shows a general example of a portion of a molien carbonate fuel cell
stack. The portion of the stack shown in FIG. 9 corresponds fo a fuel cell 301, In order to
isolate the fuel cell from adjacent fuel cells in the stack and/or other elements in the stack, the
fuel cell includes separator plates 310 and 311, In FIG. 9, the fuel cell 301 jucludes an anode
330 and a cathode 350 that are separated by an electrolyte matrix 340 that contains an
electrolyte 342, In various aspects, cathode 350 can correspond to a dual-layer {or multi-
layer) cathode. Anode collector 320 provides electrical contact between anode 330 and the
other anodes i the stack, while cathode collector 360 provides similar electrical contact
between cathode 350 and the other cathodes in the fuel cell stack. Additionally anode
collector 320 allows for introduction and exhaust of gases from anode 330, while cathode
collector 360 allows for introduction and exhaust of gases from cathode 350.

During operation, COs is passed into the cathode collector 360 along with Oa.
The CO; and Oy diffuse into the porous cathode 350 and travel to a cathode interface region
near the boundary of cathode 350 and electrolyte matrix 340. In the cathode interface region,
a portion of clectrolyte 342 can be present in the pores of cathode 350, The COy and Oy can

be converted near/in the cathode interface region to carbonate ion {(CO3%), which can then be



10

26

3
h

WO 2020/112804 PCT/US2019/063293

-4 .

transporied across electrolyie 342 (and therefore across electrolyte matrix 340) to facilitate
generation of electrical current. In aspects where alternative ion transport is occurring, a
portion of the (h can be converted to an alternative ion, such as a hydroxide ion or a peroxide
ion, for transport in electrolyte 342. After transport across the electrolyte 342, the carbonate
ion {or alternative ion) can reach an anode interface region near the boundary of electrolyte
matrix 340 and anode 330. The carbonate ion can be converted back to CO; and H:0 in the
presence of Hy, releasing electrons that are used to form the current generated by the fuel cell.
The H; and/or a hydrocarbon suitable for forming H» are introduced into anode 330 via anode
collector 320.

The flow direction within the anode of a molten carbonate fuel cell can have
any convenient orientation relative to the flow direction within a cathode. One option can be
to use a cross-flow configuration, so that the flow direction within the anode is roughly at a
90° angle relative to the flow direction within the cathode. This type of flow configuration
can have practical benefits, as using a cross-flow configuration can allow the manifolds
and/or piping for the anode inlets/outlets to be located on different sides of a fuel cell stack
froma the manifolds and/or piping for the cathode inlets/outlets.

FIG. 10 schematically shows an example of a top view for a fuel cell cathode,
along with arrows indicating the direction of flow within the fuel cell cathode and the
corresponding fuel cell anode. In FIG. 10, arrow 405 indicates the direction of flow within
cathode 450, while arrow 425 indicates the direction of flow with the anode (not shown).

Because the anode and cathode flows are oriented at roughly 90° relative to
each other, the anode and cathode flow patterns can contribute io having different reaction
conditions in various parts of the cathode. The different conditions can be illustrated by
considering the reaction conditions in the four corners of the cathode. In the illustration in
FIG. 10, the reaction conditions deseribed herein are qualitatively similar to the reaction
conditions for a fuel cell operating with a CO, utilization of 75% or more {or 80% or more).

Comer 482 corresponds 1o a portion of the fuel cell that is close to the entry
poiut for both the cathode input flow and the anode input flow. As a result, the concentration
of both CO; (in the cathode) and H; (in the anode) is relatively high in corner 482. Based on
the high concentrations, it is expected that portions of the fuel cell near corner 482 can
operate under expected conditions, with sobstantially no transport of ions other than

carbonate ions across the electrolyte.
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Corner 484 corresponds to a portion of the fuel cell that is close to the entry
poiut for the cathode input flow and close to the exit point for the anode ouiput flow. In
locations near corner 484, the amount of current density may be limited due to the reduced
concentration of Ho in the anode, depending on the fuel utilization. However, sufficient CO;
should be present that any ions transporied across the electrolyte substantially correspond o
carbonate jons.

Corner 486 corresponds to a portion of the fuel cell that is close to the exit
point for the anode output flow and close to the exit point for the cathode output flow, In
locations near comer 486, due to the lower concentrations of both H; (in the anode) and COs
(in the cathode}, hittle or no current would be expected due to the low driving force for the
fuel cell reaction.

Corner 488 corresponds to a portion of the fuel cell that is close to the entry
point for the anode input flow and close to the exit point for the cathode output flow. The
relatively high availability of hydrogen at locations near corner 488 would be expected to
result 1o substantial current density. However, due to the relatively low concentration of COs,
a substantial amount of transport of hydroxide ions and/or other altemative ions can occur.
Depending on the aspect, the substantial amount of alternative ion transport can increase the
calculated €O, utithization by 5% or more, or 10% or more, or 15% or more, or 20% or more.
Additionally or alternately, the transference can be 0.97 or less, or .95 or less, or 4.90 or
less, or 0.85 or less, or 0.80 or less. The transport of substantial amounts of alternative ions
across the electrolyte can temporarily allow higher current densities to be maintained at
locations near corner 488. However, the transport of alternative ions can alse degrade the
cathode and/or anode structures, resulting in lower (and possibly no) current density over
time at locations near corner 488. It is noted that at lower amounts of alternative ion transport
{such as a transference of 0.96 or more, or (.98 or more), the amount of lifetime degradation
is not as severe,

1t has been discovered that when alternative ion transport becomes significant
at one or more locations within the fuel cell, the fuel cell will quickly begin to degrade. This
is believed 1o be due to the one or more locations degrading and not providing any further
current density. As a region(s) stops contributing to the desired current density, the remaining
locations in the fuel cell have to operate at higher current densities in order to maintain a
constant overall (average) current density for the fuel cell. This can cause the region for

transport of alternative ions to grow, resulting in an expanding portion of the fuel cell that



10

26

WO 2020/112804 PCT/US2019/063293

- 26 -

degrades and eventually stops working. Alternatively, degradation of a portion of the fuel cell
can result in reduced total current density from the cell, which is also undesirable. Operating
a tuel cell with increased open area and/or reduced average cathode gas lateral diffusion
length ¢an reduce the amount of alternative ion transport that occurs during elevated COs
capture, allowing for longer fuel cell lifetimes.

Ancde Inputs and Cutputs

In various aspects, the anode input stream for an MCFC can include hydrogen,
a hydrocarbon such as methane, a hydrocarbonaceous or hydrocarbon-like compound that
may contain heteroatoms different from C and H, or g combination thereof. The source of the
hydrogen/hydrocarborvhydrocarbon-like compounds can be referred to as a fuel source. In
some aspects, most of the methane (or other hydrocarbon, hydrocarbonaceous, or
hydrocarbon-like compound) fed 1o the anode can typically be fresh methane. In this
description, a fresh fuel such as fresh methane refers to a fuel that is not recycled from
angther fuel cell process. For example, methane recycled from the anode outlet stream back
to the anode inlet may not be considered “fresh” methane and can instead be described as
reclaimed methane.

The fuel source used can be shared with other components, such as a turbine
that uses a portion of the fuel source to provide a COz-containing stream for the cathode
input. The fuel source input can include water in a proportion to the fuel appropriate for
reforming the hydrocarbon {or hydrocarbon-like) compound in the reforming section that
generates hydrogen. For example, if methane is the fuel input for reforming to generate Hy,
the molar ratio of water to fuel can be from about one o one to about ten to one, such as at
least about two to one. A ratio of four to one or greater is typical for external reforming, but
lower values can be typical for internal reforming. To the degree that Hs is a portion of the
fuel source, in some optional aspects no additional water may be needed in the fuel, as the
oxidation of Hz at the anode can tend to produce HyO that can be used for reforming the fuel.
The fuel source can also optionally contain components incidental to the fuel source {e.g., a
natural gas feed can contain some content of CO» as an additional component). For example,
a natural gas feed can comtain €Oz, N2, and/or other inert (noble) gases as additional
components, Optionally, in some aspects the fuel source may also contain CO, such as CO
from a recycled portion of the anode exhaust. An additional or alternate potential source for
CO in the fuel into a fuel cell assembly can be CO geverated by steam reforming of a

hydrocarbon fuel performed on the fuel prior to entering the fuel cell assembly.
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More generally, a variety of types of fuel streams may be suitable for use as an
anode inpot stream for the anode of a molten carbonate fuel cell. Some foel sireams can
correspond to streams containing hydrocarbons and/or hydrocarbon-like compounds that may
also include heteroatoms different from € and H. In this discussion, unless otherwise
specified, a reference 1o a fuel stream containing hydrocarbons for an MCFC anode is defined
to include fuel streams containing such hydrocarbon-like compounds. EBxamples of
hydrocarbon {including hydrocarbon-like) fuel sireams include natural gas, streams
containing C1 — €4 carbon compounds (such as methane or ethane}, and streams containing
heavier C5+ hydrocarbons (including hydrocarbon-like compounds), as well as combinations
thereof. Still other additional or alternate examples of potential fuel streams for use in an
anode input can include biogas-type streams, such as methane produced from natural
{(biological) decomposition of organic material.

in some aspects, a molien carbonate fuel cell can be used to process an input
fuel stream, such as a natural gas and/or hydrocarbon stream, with a low energy content due
to the presence of diluent compounds. For example, some sources of methane and/or natural
gas are sources that can include substantial amounts of either CO; or other inert molecules,
such as nitrogen, argon, or helium. Due to the presence of elevated amounts of CO; and/or
inerts, the energy content of a fuel stream based on the source can be reduced. Using a low
energy content fuel for a combustion reaction {such as for powering a combustion-powered
turbine} can pose difficultics. However, a molten carbonate fuel cell can generate power
based on a low energy content fuel source with a redoced or minimal impact on the efficiency
of the fuel cell. The presence of additional gas volume can require additional heat for raising
the temperature of the fuel to the temperature for reforming and/or the anode reaction.
Additionally, due io the equilibrium nature of the water gas shift reaction within a fuel cell
anode, the presence of additional CO; can have an impact on the relative amounts of H; and
CO present in the anode output, However, the inert compounds otherwise can have only a
minimal direct impact on the reforming and anode reactions. The amount of CO) and/or inert
compounds m a fuel stream for a molten carbonate fuel cell, when present, can be at least
about 1 vol%, such as at least about 2 vol%, or at least about 5 vol%, or at least about 10
vol%, or at least about 15 vol%, or at least about 20 vol%, or at least about 25 vol%, or at
Teast about 30 vol%, or at least about 35 volSs, or at least about 40 vol%, or at least about 45
vol%, or at least about 50 vol %, or at least about 75 vol%. Additionally or alternately, the

amount of CO» and/or inert compounds in 2 fuel stream for 3 molten carbonate fuel cell can
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be about 90 vol% or less, such as about 75 vol% or less, or about 60 vol% or less, or about 5¢
vol% or less, or sbout 40 vol%e or less, or about 35 vol% or less.

Yet other examples of potential sources for an anode input stream can
correspond to refinery and/or other industrial process output streams. For example, coking is
a common process in many refineries for converting heavier compounds to lower boiling
ranges. Coking typically produces an off-gas containing a variety of compounds that are
gases at room temperature, including CO and various Cy — C4 hydrocarbons, This off-gas can
be used as at least a portion of an anode input stream. Other refinery off-gas streams can
additionally or alternately be suitable for inclusion in an anode input stream, such as light
ends (Ci — C4) generated during cracking or other refinery processes. Still other suitable
refinery streams can additionally or alternately inchide refinery streams containing CO or
€O, that also contain Hy and/or reformable fuel compounds.

Still other potential sources for an anode input can additionally or alternately
include streams with increased water content. For example, an ethanol output stream from an
ethano! plant (or another type of fermentation process) can inchide a substantial portion of
H:20 prior to final distillation. Such H2O can typically cause only munimal impact on the
operation of a fuel cell. Thus, a fermentation mixture of alcohol {or other fermentation
product) and water can be used as at least a portion of an anode input stream.

Biogas, or digester gas, is another additional or aliemate potential source for
an anode input. Biogas may primarily comprise methane and CO» and is typically produced
by the breakdown or digestion of organic matier. Anaerobic bacteria may be used to digest
the organic matier and produce the biogas. Impurities, such as sulfur-containing compounds,
may be removed from the biogas prior to use as an anode input.

The output stream from an MCFC anode can include Ho(G, CO,, CO, and Ho.
Optionally, the anode output stream could also have unreacted fuel (such as Hy or CHy) or
mert compounds in the feed as additional output components. Instead of using this output
siream as a fuel source to provide heat for a reforming reaction or as a combustion fuel for
heating the cell, one or more separations can be performed on the ancde output siream to
separate the CO, from the components with potential value as inpuis to another process, such
as Hy or CO. The H; and/or CO can be used as a syngas for chemical synthesis, as a source of
hydrogen for chemical reaction, and/or as a fuel with redoced greenhouse gas emissions.

Cathode Inputs and Quiputs
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Conventionally, a molten carbonate fuel cell can be operated based on drawing
4 desired load while consuming some portion of the fuel in the fuel stream delivered to the
anode. The voltage of the fuel cell can then be determined by the load, fuel input to the
anode, air and CO-» provided to the cathode, and the internal resistances of the fuel cell. The
Oz to the cathode can be conventionally provided in part by using the anode exhaust as at
least a part of the cathode input sircam. By conirast, the present imvention can use
separate/different sources for the anode input and cathode input. By removing any direct link
between the composition of the anode input flow and the cathode input flow, additional
options become available for operating the fuel cell, such as to generate excess synthesis gas,
to improve capture of carbon dioxide, and/or to improve the total efficiency (electrical phus
chemical power) of the fuel cell, among others.

In various aspects, an MCFC can be operated to cause alterative ion transport
across the electrolyte for the fuel cell. In order to cause aliernative ion transport, the COn
content of the cathode input stream can be 5.0 vol% or less, or 4.0 vol% or less, suchas 1.5
vol1% 10 5.0 voi%, or 1.5 vol% to 4.0 volSe, or 2.0 vol% to 5.0 vol%, or 2.0 volds 1o 4.0 vol%.

One example of a suitable COz-containing siream for use as a cathode input
flow can be an ocutput or exhaust flow from a combustion source. Examples of combustion
sources include, but are not limited to, sources based on combustion of natural gas,
combustion of coal, and/or combustion of other hydrocarbon-type fuels (including
biologically derived fuels). Additional or alternate sources can include other types of boilers,
fired heaters, fumaces, and/or other types of devices that bum carbon-containing fuels o
order to heat ancther substance (such as water or gir).

Other potential sources for a cathode input stream can additionally or
alternately inchide sources of bis-produced CQO;. This can include, for example, CO;
generated during processing of bio-derived compounds, such as CO; generated during
cthanol production. An additional or alternate example can inchude CO; generated by
combustion of a bio-produced fuel, such as combustion of lignocellulose. Still other
additional or alternate potential CO» sources can correspond o output or exhaust streams
from various industrial processes, such as COz-containing streams generated by plants for
manufacture of steel, cement, and/or paper.

Yet another additional or aliernate potential sowrce of COy can be COu-
containing strearos from a fuel celll The COz-contaiming stream from a fuel cell can

correspond to a cathode output stream from a different fuel cell, an anode output stream from
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a different fuel cell, a recycle stream from the cathode ocutput to the cathode input of a fuel
cell, and/or a recyele stream from an anode ouiput to a cathode inpwt of a fuel cell. For
example, an MCFC operated in standalone mode under conventional conditions can generate
a cathode exhaust with a CO2 concentration of at least about § vol%. Such a COs-containing
cathode exhaust could be used as a cathode input for an MCFC operated according to an
aspect of the invention. More generally, other types of fuel cells that generate a COs output
from the cathode exhaust can additionally or alternately be used, as well as other types of
COs-containing streams not generated by a “combustion” reaction and/or by a combustion-
powered generator. Optionally but preferably, a COz-containing stream from another fuel cell
can be from another molten carbonate fuel cell. For example, for molten carbonate fuel cells
connected in series with respect to the cathodes, the ocutput from the cathode for a first molten
carbonate fuel cell can be used as the input to the cathode for a second molten carbonate fuel
cell.

In addition to C(h, a cathode input stream can include (O to provide the
components necessary for the cathode reaction. Some cathode input streams can be based on
having air as a component. For example, a combustion exhaust stream can be formed by
combusting a hydrocarbon fuel in the presence of air. Such a combustion exhaust siream, or
another type of cathode input stream having an oxygen content based on inclusion of air, can
have an oxygen conient of about 20 vol®% or less, such as about 15 vol% or less, or about 10
vol% or less. Additionally or alternately, the oxygen content of the cathode input stream can
be at least gbout 4 vol%, such as at least about 6 voi%, or st least about 8 vol%. More
generally, a cathode input stream can have a suitable content of oxygen for performing the
cathode reaction. In some aspects, this can correspond to an oxygen content of about 5 vol%
to about 15 vol%, such as from about 7 vol% to about 9 voi%. For many types of cathode
mput streams, the combined amount of CO» and Oy can correspond to less than about 21
vol% of the input stream, such as less than about 15 vol%6 of the stream or less than about 10
vol% of the stream. An air stream containing oxygen can be combined with a CO» source that
has low oxygen content. For example, the exhaust stream generated by buming coal may
nclude a low oxygen content that can be mixed with air to form a cathode inlet stream.

In addition to CO, and Oy, a cathode input stream can alse be composed of
mert/non-reactive species such as No, Ha03, and other typical oxidant {air) components. For
example, for a cathode input derived from an exhaust from s combustion reaction, if air is

used as part of the oxidant source for the combustion reaction, the exhaust gas can include
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typical components of air such as Nz, Ha(, and other compounds in minor amounts that are
present in air. Depending on the nature of the fuel source for the combustion reaction,
additional species present after combustion based on the fuel source may include one or more
of Hh(3, oxides of nitrogen {(NOx) and/or sutfur (SOx), and other compounds either present in
the fuel and/or that are partial or complete combustion products of compounds present in the
fuel, such as CO. These species may be present in amounts that do not poison the cathode
catalyst surfaces though they may reduce the overall cathode activity. Such reductions in
performance may be acceptable, or species that interact with the cathode catalyst may be
reduced o acceptable levels by known pollutant removal technologies.

The amount of O; present in a cathode input stream (such as an input cathode
stream based on a combustion exhaust} can advantageously be sufficient to provide the
oxygen needed for the cathode reaction in the fuel cell. Thus, the volume percentage of Oz
can advantageously be at least .5 times the amount of CO; in the exhaust. Optionally, as
necessary, additional air can be added to the cathode input to provide sufficient oxidant for
the cathode reaction. When some form of air is used as the oxidant, the amount of Ny in the
cathode exhaust can be at least about 78 vol%s, ¢.g., at least about 88 vol%%, and/or about 95
vol% or less. In some aspects, the cathode input stream can additionally or alternately contain
compounds that are generally viewed as contaminants, such as Hz8S or NHs. In other aspects,
the cathode input stream can be cleaned to reduce or minimize the content of such
contaminants.

A suitable temperature for operation of an MCFC can be between about 450°C
and about 756°C, such as at least about 500°C, e.g., with an inlet temperature of about 550°C
and an outlet temperature of about 625°C. Prior to entering the cathode, heat can be added to
or removed from the cathode input siream, if desired, e.g., to provide heat for other processes,
such as reforming the fuel input for the anode. For example, if the source for the cathode
input stream is a combustion exhaust stream, the combustion exhaust stream may have a
temperature greater than a desired temperature for the cathode inlet. In such an aspect, heat
can be removed from the combustion exhaust prior to use as the cathode input stream.
Alternatively, the combustion exhaust could be at a very low temperature, for example afier a
wet gas scrubber on a coal-fired boiler, in which case the combustion exhaust can be below
about 100°C. Alternatively, the combustion exhaust could be from the exhaust of a gas

turbine operated in combined cycle mode, in which the gas can be cooled by raising stcam to
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run a steam turbine for additional power generation. In this case, the gas can be below about
50°C. Heat can be added to a combustion exhaust that is cooler than desired.

Additional Molten Carbonate Fuel Cell Operating Strategics

In some aspects, when operating an MCFC to cause alternative ion transport,
the anode of the fuel cell can be operaied at a traditional fuel utitization value of roughly 60%
to 80%. When attempting to generate elecirical power, operating the anode of the fuel cell at
a relatively high fuel utilization can be beneficial for improving electrical efficiency (i.e.,
clectrical energy generated per unit of chemical energy consumed by the fuel cell).

{n some aspects, it may be beneficial to reduce the electrical efficiency of the
fuel cell in order to provide other benefits, such as an increase in the amount of Hj provided
in the anode output flow. This can be beneficial, for example, if it is desirable {0 consume
excess heat generated in the fuel cell {or fuel cell stack) by performing additional reforming
and/or performing another endothermic reaction. For example, a molten carbonate fuel celi
can be operated to provide increased production of syngas and/or hydrogen. The heat
required for performing the endothermic reforming reaction can be provided by the
exothermic electrochemical reaction in the anode for electricity generation. Rather than
attempting to transport the heat generated by the exothermic fuel cell reaction{s) away from
the fuel cell, this excess beat can be used in sife as a heat source for reforming and/or another
endothermic reaction. This can result in more efficient use of the heat energy and/or a
reduced need for additional external or internal heat exchange. This efficient production and
use of heat energy, essentially in-situ, can reduce system complexity and components while
maintaining advantageous operating conditions. In some aspects, the amount of reforming or
other endothermic reaction can be selected to have an endothermic heat requirement
comparable to, or even greater than, the amount of excess heat generated by the exothermic
reaction{s) rather than significantly less than the heat requirement typically described in the
prior art.

Additionally or aliernately, the fuel cell can be operated so that the
temperature differential between the anode inlet and the anode ocutlet can be negative rather
than positive. Thus, instead of having a temperature increase between the anode inlet and the
anode outlet, a sufficient amount of reforming and/or other endothermic reaction can be
performed to cause the output stream from the anode outlet to be cooler than the anode inlet
temperature. Further additionally or altemately, additional fuel can be supplied to a heater for

the fuel cell and/or an internal reforming stage {or other internal endothermic reaction stage)
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so that the temperature differential between the anode input and the anode output can be
smaller than the expected difference based on the relative demand of the endothermic
reaction{s} and the combined exothermic heat generation of the cathode combustion reaction
and the anode reaction for generating electrical power. In aspects where reforming is used as
the endothermic reaction, operating a fuel cell to reform excess fuel can allow for production
of mcreased synthesis gas and/or increased hydrogen relative to conventional fuel cell
operation while minimizing the system complexity for heat exchange and reforming. The
additional synthesis gas and/or additional hydrogen can then be used in a variety of
applications, including chemical synthesis processes and/or collection/repurposing of
hydrogen for use as a “clean” fuel.

The amount of heat generated per mole of hydrogen oxidized by the
gxothermic reaction at the anode can be substantially larger than the amount of heat
consumed per maole of hydrogen generated by the reforming reaction. The net reaction for
hydrogen in a molien carbonate fuel cell (Hz + %2 G2 => Hao() can have an enthalpy of
reaction of about -285 kl/mol of hydrogen molecules. At least a portion of this energy can be
converted to electrical energy within the fuel cell. However, the difference (approximately)
between the enthalpy of reaction and the electrical energy produced by the fuel cell can
become heat within the fuel cell. This quantity of energy can alternatively be expressed as the
current density (current per unit area) for the cell multiplied by the difference between the
theoretical maximum voltage of the fuel cell and the actual voltage, or <current
density>*(Vmax — Vact). This quantity of energy is defined as the “waste heat” for a fuel
cell. As an example of reforming, the enthalpy of reforming for methane (CHs + 2H,0 => 4
Hy + COy) can be about 250 ki/mol of methane, or about 62 ki/mol of hydrogen molecules.
From a heat balance standpoint, each hydrogen molecule electrochemically oxidized can
generate sufficient heat to generate more than ove hydrogen molecule by reforming. In a
conventional configuration, this excess heat can result in a substantial temperature difference
from anode inlet to anode outlet. Instead of allowing this excess heat to be used for increasing
the temperature in the fuel cell, the excess heat can be consumed by performing a matching
amount of the reforming reaction. The excess heat generated in the anode can be
supplemented with the excess heat generated by the combustion reaction in the fuel cell.
More generally, the excess heat can be consumed by performing an endothermic reaction in

the fuel cell anode and/or in an endothermic reaction stage heat integrated with the fuel cell.
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Depending on the aspect, the amount of reforming and/or other endothermic
reaction can be selected relative o the amount of hydrogen reacted in the anode in order fo
achieve a desired thermal ratio for the fuel cell. As used herein, the “thermal ratio” is defined
as the heat produced by exothermic reactions in a fuel cell assembly (including exothermic
reactions in both the anode and cathode) divided by the endothermic heat demand of
reforming reactions occurring within the fuel cell assembly. Expressed mathematically, the
thermal ratio (TH) = Qex/Qen, where Qex is the sum of heat produced by exothermic
reactions and Qgn is the sum of heat consumed by the endothermic reactions occurring within
the fuel cell. Note that the heat produced by the exothermic reactions can correspond to any
heat duc to reforming reactions, water gas shift rcactions, combustion reactions (i.e.,
oxidation of fuel compounds} in the cathode, and/or the electrochemical reactions in the cell.
The heat generated by the electrochemical reactions can be calculated based on the ideal
clectrochemical potential of the fuel cell reaction across the electrolyte minus the actual
output voltage of the fuel cell. For example, the ideal electrochemical potential of the reaction
in a MCFC is believed to be about 1.04 V based oun the net reaction that occurs in the cell.
During operation of the MCFC, the cell can typically have an output voltage less than 1.04 V
due 1o various losses. For example, a common oulput/operating voltage can be abowt 0.7 V.
The heat generated can be equal 1o the electrochemical potential of the cell (ie., ~1.04 V)
minus the operating voltage, For example, the heat produced by the electrochemical reactions
in the cell can be ~0.34 ¥V when the output voltage of ~0.7 V is attained in the fuel cell. Thus,
in this scenario, the electrochemical reactions would produce ~0.7 V of electricity and ~0.34
V of heat energy. In such an example, the ~0.7 V of electrical energy is not included as part
of Qrx. In other words, heat energy is not electrical energy.

In various aspects, a thermal ratio can be determined for any convenient fuel
cell structure, such as a fuel cell stack, an individual fuel cell within a fuel cell stack, a fuel
cell stack with an integrated reforming stage, a fuel cell stack with an integrated endothermic
reaction stage, or a combination thereof. The thermal ratio may also be calculated for
different units within a fuel cell stack, such as an assembly of fuel cells or fuel cell stacks.
For example, the thermal ratio may be calculated for a fuel cell {or a plurality of fuel cells)
within a fuel cell stack along with integrated reforming stages and/or integrated endothermic
reaction stage elements in sufficiently close proximity to the fuel cell(s) to be integrated from

a heat jntegration standpoint.



10

26

WO 2020/112804 PCT/US2019/063293

From a heat integration standpointi, a characteristic width in a fuel cell stack
can be the height of an individual fuel cell stack element. Tt is voted that the separate
reforming stage and/or a separate endothermic reaction stage could have a different height in
the stack than a fuel cell. In such a scenario, the height of a fuel cell element can be used as
the characteristic height. In this discussion, an integrated endothermic reaction stage can be
defined as a stage heat integrated with one or more fuel cells, so that the integrated
endothermic reaction stage can use the heat from the fuel cells as g heat source for reforming,
Such an integrated endothermie reaction stage can be defined as being positioned less than 10
times the height of a stack element from fuel cells providing heat to the integrated stage. For
example, an imegrated endothermic reaction stage {(such as a reforming stage) can be
positioned less than 10 times the height of a stack element from any fuel cells that are heat
integrated, or less than 8 times the height of a stack element, or less than § times the height of
a stack element, or less than 3 times the height of a stack element. In this discussion, an
mtegrated reforming stage and/or integrated endothermic reaction stage that represents an
adjacent stack element to a fuel cell element is defined as being about one stack element
height or less away from the adjacent fuel cell element.

A thermal ratio of about 1.3 or less, or about 1.15 or less, or about 1.0 or less,
or about 0.95 or less, or about 8.90 or less, or about 0.85 or less, or about 0.80 or less, or
about 0.75 of less, can be lower than the thermal ratio fypically sought in use of MCFC fuel
cells. In aspects of the invention, the thermal ratio can be reduced to increase and/or optimize
syngas generation, hydrogen generation, generation of another product via an endothermic
reaction, or g combination thereof,

In various aspects of the invention, the operation of the fuel cells can be
characterized based on a thermal ratic. Where fuel cells are operated to have a desired
thermal ratio, a molten carbonate fuel cell can be operated to have a thermal ratio of about 1.5
or less, for example about 1.3 or less, or about 1.15 or less, or about 1.0 or less, or about 0.95
or less, or about (.90 or less, or about (.85 or less, or about 0.80 or less, or about 0.75 or less.
Additionally or aliernately, the thermal ratio can be at least about 0.25, or at least about .35,
or at least about 0.45, or at least about 0.50. Further additionally or aliernately, in some
aspects, the fuel cell can be operated to have a temperature rise between the anode input and
anode output of about 40°C or less, such as about 20°C or less, or about 10°C or less. Still
further additionally or aliernately, the fuel cell can be operated to have an anode outlet

terperature that is from about 10°C lower to about 10°C higher than the temperature of the
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angde inlet. Yet further additionally or alternately, the fuel cell can be operated to have an
anode inlet temperature greater than the anode outlet temperature, such as at least about 5°C
greater, or at least about 10°C greater, or at least about 20°C greater, or at least about 25°C
greater, Still further additionally or alternately, the fuel cell can be operated to have an anode
inlet temperature greater than the anode outlet temperature by about 100°C or less, or about
80°C or less, or about 60°C or less, or about 50°C or less, or about 40°C or less, or about
30°C or less, or about 20°C or less.

Operating a fuel cell with a thermal ratio of less than I can cause a
temperature drop across the fuel cell. In soroe aspects, the amount of reforming and/or other
endothermic reaction may be limited so that a terperature drop from the anode inlet to the
anode outlet can be about 100°C or less, such as about 80°C or less, or about 60°C or less, or
about 50°C or less, or about 40°C or less, or about 30°C or less, or about 20°C or less.
Limiting the temperature drop from the anode inlet to the anode outlet can be beneficial, for
example, for maintaining a sufficient temperature to aliow complete or substantially complete
conversion of fuels (by reforming} in the anode. In other aspects, additional heat can be
supplied fo the fuel cell (such as by heat exchange or combustion of additional fuel) so that
the anode inlet temperature is greater than the anode outlet temperature by less than about
100°C or ltess, such as about 80°C or less, or about 60°C or less, or about 50°C or less, or
about 40°C or less, or about 30°C or less, or about 20°C or less, due to a balancing of the heat
consumed by the endothermic reaction and the additional external heat supplied to the fuel
cell.

The amount of reforming can additionally or altemately be dependent on the
availability of a reformable fuel. For example, if the fuel only comprised Ha, no reformation
would ocour because Hy is already reformed and is not further reformable. The amount of
“syngas produced” by a fuel cell can be defined as a difference in the lower heating value
(LHY) of syngas in the anode input versus an LHV of syngas in the anode output. Syngas
produced LHV (sg net) = (LHV{sg out} - LHV{sg in)), where LHV(sg in) and LHV{sg out)
refer to the LHV of the syngas in the anode inlet and syngas in the anode outlet streams or
flows, respectively. A fuel cell provided with a fuel containing substantial amounts of H can
be limited in the amount of potential syngas production, since the fuel contains substantial
amounts of already reformed Ha, as opposed to coutaining additional reformable fuel. The
lower heating value is defined as the enthalpy of combustion of a fuel component to vapor

phase, fully oxidized products (i.¢., vapor phase CO: and HzO product). For example, any
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CQO» present inn an anode input stream does not contribute to the fuel content of the ancde
mput, since CO; is already fully oxidized. For this definition, the amount of oxidation
occurring in the anode due to the anode fuel cell reaction is defined as oxidation of Hz in the
anode as part of the electrochemical reaction in the anode.

An example of a method for operating a fuel cell with a reduced thermal ratio
can be a method where excess reforming of fuel is performed in order io balance the
generation and consumption of heat in the fuel cell and/or consume more heat than is
generated, Reforming a reformable fuel to form Hy and/or CO can be an endothermic process,
while the anode electrochemical oxidation reaction and the cathode combustion reaction(s)
can be exothermic. During conventional fuel cell operation, the amount of reforming needed
to supply the feed components for fuel cell operation can typically consume less heat than the
amount of heat generated by the anode oxidation reaction. For example, conventional
operation at a fuel utilization of about 70% or about 75% produces a thermal ratio
substantially greater than 1, such as a thermal ratio of at least about 1.4 or greater, or 1.5 or
greater. As a result, the output streams for the fuel cell can be hotter than the input streams.
Instead of this type of conventional operation, the amount of fuel reformed in the reforming
stages associated with the anode can be increased. For example, additional fuel can be
reformed so that the heat generated by the exothermic fuel cell reactions can either be
(roughly) balanced by the heat consumed in reforming and/or consume more heat than is
generated, This can resulf in a substantial excess of hydrogen relative to the amount oxidized
in the anode for elecirical power generation aud result in a thermal ratio of about 1.0 or less,
such as about .95 or less, or about .90 or less, or about (.85 or less, or about §.80 or less, or
about .75 or less.

Either hydrogen or syngas can be withdrawn from the anode exhaust as a
chemical energy output. Hydrogen cau be used as a clean fuel without generating greenhouse
gases when it is bumed or combusted. Instead, for bydrogen generated by reforming of
hydrocarbons (or hydrocarbonaceous compounds), the CO; will have already been
“captured” in the anode loop. Additionally, hydrogen can be a valuable input for a variety of
refinery processes and/or other synthesis processes. Syngas can also be a valuable mput for a
variety of processes. In addition to having fuel value, syngas can be used as a feedstock for
producing other higher vahue products, such as by using syngas as an input for Fischer-

Tropsch synthesis and/or methanol synthesis processes.
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In some aspects, the reformable hydrogen content of reformable fuel in the
mput strearn delivered to the anode and/or to a reforming stage associated with the anode can
be at least about 50% greater than the net amount of hydrogen reacted at the anode, such as at
least about 75% greater or at least about 100% greater. Additionally or alternately, the
reformable hydrogen content of fuel in the input stream delivered to the anode and/or to a
reforming stage associated with the anode can be at least about 50% greater than the net
amount of hydrogen reacted at the anode, such as at least about 75% greater or at least about
100% greater. In various aspects, a ratio of the reformable hydrogen content of the
reformable fuel in the fuel stream relative fo an amount of hydrogen reacted in the anode can
be at least about 1.5 : 1, or at least about 2.0 : 1, or at least about 2.5 : 1, or at least about 3.0 :
i. Additionally or alternately, the ratio of reformable hydrogen content of the reformable fuel
in the fuel stream relative 1o the amount of hydrogen reacted in the anode can be about 20 : 1
or less, such as about 15 : 1 or less, or about 10 : 1 or less. In one aspect, it is contemplated
that less than 100% of the reformable hydrogen content in the anode inlet stream can be
converted to hydrogen. For example, at least about 80% of the reformable hydrogen content
in an anode inlet siream can be converied to hydrogen in the anode and/or in an associated
reforming stage(s), such as at least about 85%, or at least aboui 90%. Additionally or
alternately, the amount of reformable fuel delivered to the anode can be characterized based
on the lower heating value (LHVY) of the reformable fuel relative to the LHV of the hydrogen
oxidized in the anode. This can be referred to as a reformable fuel surplus ratio. In various
aspects, the reformable fuel surplus ratio can be at least about 2.0, such as at least about 2.5,
or at least about 3.0, or at least about 4.0. Additionally or aliernately, the reformable fuel
surplus ratio can be about 25.0 or less, such as about 20.0 or less, or about 15.0 or less, or
about 10.0 or less.

Example 1

Two molien carbonate fuel cells were used to determine the impact of
ncreases in open area on fuel cell performance under conventional operating conditions and
under elevated COy utilization conditions. A first molten carbonate fuel cell corresponded to
a conventional configuration with a cathode surface having an open area of roughly 33%. The
second molten carbonate fuel cell had an open area of greater than 45%.

The two cells were operated under two sets of operating conditions. Under a
first condition, the fuel cells were operated under conditions corresponding to a COy

utilization of 40% with a cathode input feed that contained 30 mol% of CQOz. Under the
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second condition, the fuel cells were operated at an apparent COs utilization of 90% (as
determined based on current density) and a cathode input feed including 4% CQOa.

At the first operating condition, the difference in voltage between the fuel cell
with an open area of 33% and the fuel cell with an open area of 45% was relatively small,
corresponding to a difference of roughly 7 mV. By contrast, at the second operating condition
corresponding to elevated CO» utilization, the fuel cell with an open area of greater than 45%
had an operating voltage that was 80 mV higher than the fuel cell with an open area of 33%.
Additionally, the actual CO» utilization was substantially higher for the fuel cell with an open
area of greater than 45%.

Example 2

FIG. 11 shows actual U0, utilization versus apparent CO» utilization for fuel
cells with various amounts of cathode open area. The hines in FIG. 11 correspond o fuel cells
with open areas ranging from 33% (line A} to at least 65% (line I). The data in FIG. 11 was
generated using similar cathode gas input streams and similar target values for average
current density. {Cther operating conditions were allowed to vary, to maintain the target
value for the average current density.) Based on having similar average current density and
similar C(; concentrations in the cathode gas input streams, the data in FIG. 11 mostly
corresponds to data poings at the same level of apparent CO; utilization. However, due to the
variation in open area at the cathode surface, the actual €O, utilization varied for each fuel
cell from values near 70% to up to 95% or more, depending on the target current density and
the available open area.

As shown in FIG. 11, increasing the open area tends o increase the actual CO;
utilization while decreasing the amount of alternative ion transport. Thus, at a given level of
apparent COn utilization, the actual CO; utilization increases with increasing open area. As an
example, the bottom three sets of data jn FIG. 11 comespond to cathode collector
configurations where the open area at the cathode surface is between 33% to 40%, which
correspond to conventional values. At such conventional values for the open area at the
cathode surface, an apparent CO; utilization of 130% or higher was needed to achieve only
80% actual CO; utilization. This means that more than a third of the current density being
generated by the fuel cell was based on alternative ion transport. By contrast, for the top three
data sets having an open area of roughly 60% or higher, the actual CO; utilization was close
to 95% for values of the apparent CO; utilization near 130%. This represents a substantial

ingcrease in the amount of CQO: capture based on increasing the open area at the cathode



10

26

WO 2020/112804 PCT/US2019/063293

~-40 -

surface. More generally, the trend of increasing actual €O, utilization relative to the average
current density by increasing the open area at the cathode surface is maintamed at all of the
process conditions shown in FIG, 11,

FIG. 12 shows a comparison of fuel cell operating voltage versus actual CO,
utilization for the data shown in FIG. 11. As shown in FIG. 12, increasing the open area
resulis in an increase in operating voltage for the fuel cell. This matches the results in FIG.
11, which show decreasing alternative ion transport as the open area is increased. It is noted
that the reactions involved in hydroxide ion transport across the electrolyte correspond to a
lower electrochemical potential, FIG, 12 appears to show that reducing the amount of such
alternative ion transport (as shown in FIG. 11} can lead to increased operating voltage within
a molten carbonate fuel cell.

FIG. 13 shows voltage over time data for additional fuel cellis that were
operated under conditions for elevated CO» capture. The lower data sef in FIG. 13
corresponded to another fuel cell with 3 conventional cathode collector/cathode surface
structare, resulting in an open area at the cathode surface of 33%. The upper data set in FIG.
13 corresponded to a fuel cell with an alternative cathode collector configuration, resulting in
an open area at the cathode surface of 50% or more. Under conventional conditions (i.e., de
minmimis aliernative ion fransport), the fuel cell with the open area of 50% or more had an
operating voltage of 830 mV or higher. The lower data set corresponds 1o data from a fuel
cell using a conventional cathode collector, which resulted in a conventional open area of
33%. Under conventional conditions, the fuel cell with the open area of 33% had an operating
voltage between 750 mV and 780 mV.

The operating conditions for the fuel cells in FIG. 13 included a3 CO;
concentration in the cathode input stream of roughly 4.5 voi%. The fuel cells were operated
to maintain an average current density of roughly 100 mA/em? The actual CO; utilization
was 90%, but substantial alfernative ion transport also cccurred. For the fuel cell with the
open area of 33%, the apparent CO; uiilization was 130%. Under these conditions, a drop in
the fuel cell operating voltage to roughly 730 mV was observed almost immediately, with
rapid additional decrease. The decline in operating voltage continued for roughly 20 days, at
which time the fuel cell stopped working entirely. By contrast, for the fuel cell with the open
area of 50% or more at the cathode surface, the apparent CO; wtilization was between 10%
and 20% greater than the actual CO; utilization. For the fuel cell with the open area at the

cathode surface of 50% or more, operating with substantial alternative ion transport also
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resulted in reduction in operating voltage to roughly 810 mV. However, the amount of further
degradation over time was less severe, with the fuel cell maintaining an operating voltage
greater than 750 mV after 150 days of operation.

The fuel cells in FIG. 13 illustrate an additional benefit of using a cathode
collector that provides increased open ares at the cathode surface. At the conditions shown in
FiG. 13, the fuel cell with an open area of 33% quickly degraded to a point where the fuel
cell became inoperable. By contrast, the fuel cell with an open area at the cathode surface of
50% or more exhibited a more gradual loss of voltage, allowing the fuel cell to maintain
operation for more than 150 days.

Additional Embodiments

Embodiment 1. A method for producing electricity in 2 mohen carbonate fuel
cell, the method comprising: introducing an anode input stream comprising Ha, a reformable
fuel, or a combination thereof into an anode gas collection zone, the anode gas collection
zone being defined by an anode surface, a first separator plate, and an anode collector
providing sapport between the anode surface and the separator plate; introducing a cathode
input stream comprising Oy, HyO, and CO2 into a cathode gas collection zone, the cathode
gas collection zone being defined by a cathode surface, a second separator plate, and a
cathode collector providing support between the cathode surface and the second separator
plate; operating the molten carbonate fuel cell at a transference of 0.97 or less and an average
current density of 60 mA/cm? or more to generate electricity, an anode exhaust comprising
Ho, CO, and COy, and a cathode exhaust comprising 2.0 vol% or less C0s, 1.0 vol% or more
O3, and 1.0 vol% or more H(O, wherein an average cathode gas lateral diffusion length is
0.40 mm or less, or an open area of the cathode surface comprises 45% or more of a total
surface area of the cathode surface, or a combination thereof,

Embodiment 2. The method of Embodiment 1, wherein the cathode input
stream comprises 5.0 vol% or less of CO; (or 4.0 vol% or less), or wherein the cathode
exhaust comprises 1.0 vol% or less of COy, or 2 combination thereofl

Embodiment 3. The method of any of the above embodiments, wherein the
transference is 0.95 or less {or 0.93 or less, or 0.90 or less).

Embodiment 4. The method of any of the above embodiments, wherein an
average contact area diffusion length is 1.0 v or less {or 0.9 mun or less, or .7 mm or less),
or a comiact area of the cathode collector with the cathode surface is greater than 10% of the

total surface area of the cathode surface, or a combination thereof,
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Embodiment 5. The method of any of the above embodiments, wherein an
average cathode gas lateral diffusion length is (.4 nom or less {or 0.3 mm or less, or 0.2 mm
or less), or a contact area of the cathode collector with the cathode surface is greater than
10% of the total surface area of the cathode surface, or a combination thereof.

Embodiment 6. The method of any of the above embodiments, wherein the
cathode surface comprises one or more grooves, and optionally wherein 2% or more of the
open surface area corresponds to the one or more grooves.

Embodiment 7. The method of any of the above embodiments, wherein the
cathode collector further comprises an open lattice structure with a latiice size of 0.1 mm or
Iess in contact with the cathode surface and a spacing structure providing support between the
open latiice structure and the second separator plate.

Embodiment 8. The method of any of the above embodiments, wherein the
voltage drop across the cathode is 0.4 V or less, or wherein the clectricity is generated at a
voltage of 0.55 V or more, or a combination thereof.

Embodiment 9. The method of any of the above embodiments, wherein the
open area of the cathode surface is 50% or more {or 60% or more, or 75% or more), or
wherein the average cathode gas lateral diffusion length is (.35 mm or less, or a combination
thergof.

Embodiment 10. The method of any of the above embodiments, wherein a Hz
concentration in the anode exhaust is 5.0 vol% or more, or wherein a combined concentration
of Hz and CO in the anode exhaust 1s 6.0 vol® or more, or a combination thereof.

Embodiment 11. The method of any of the above embodiments, wherein a
distance from any point on the cathode surface to an open area on the cathode surface is 1.0
mm or fess.

Embodiment 12. A molten carbonate fuel cell, comprising: an anode; a first
separator plate; an anode coliector in contact with the anode and the first separator plate to
define an anode gas collection zone between the anode and the first separator plate; a
cathode; a second separator plaie; a cathode collector in contact with the cathode and the
second separator plate to define a cathode gas collection zone between the cathode and the
second separator plate; and an electrolyte matrix comprising an electrolyte between the anode
and the cathode, wherein an average cathode gas lateral diffusion length 18 0.40 mum or less,
or an open arca of the cathode surface is greater than 45% of a total surface area of the

cathode surface {or 60% or more, or 75% or more), or a combination thereof.
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Embodiment 13. The molten carbonate fuel cell of Embodiment 12, wherein
an average contact area diffusion length is 1.0 mum or less, or a contact area of the cathode
collector with the cathode surface is greater than 10% of the total surface area of the cathode
surface, or wherein a distance from any point on the cathode surface to an open area on the
cathode surface is 1.0 mm or less, or a combination thereof.

Embodiment 14. The molten carbonate fuel cell of Embodiment 12 or 13,
wherein the cathode surface comprises one or more grooves, and optionally wherein at least
2% of the open surface area corresponds to the one or more grooves.

Erobodiment 15. The molten carbonate fuel cell of any of Embodiments 12-
14, wherein the cathode collector comprises an open latiice structure with a lattice size of 0.1
mm or less in contact with the cathode surface and 2 spacing siructure providing support
between the open lattice structure and the second separator plate.

All numerical values within the detailed description and the claims herein are
modified by “about” or “approximately” the indicated value, and take into account
experimental error and variations that would be expected by a person having ordinary skill in
the art.

Although the present invention has been described in terms of specific
embodiments, it is not necessarily so Hmited. Suitable alierations/modifications for operation
under specific conditions should be apparent o those skilled in the art, ¥ is therefore intended
that the following claims be interpreted as covering all such alierations/modifications that fall

within the true spirit/scope of the invention.
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CLAIMS

What is claimed is:

1. A method for producing electricity in a molten carbounate fuel cell, the
method comprising: introducing an anode jnput stream comprising Hz, a reformable fuel, ora
combination thereof into an anode gas collection zone, the anode gas collection zone being
defined by an anode surface, a first separator plate, and an anode collector providing support
between the anode surface and the separator plate; introducing a cathode mput siream
comprising O, H2O, and CO; into a cathode gas collection zone, the cathode gas collection
zone being defined by a cathode surface, a second separator plate, and a cathode collector
providing support between the cathode surface and the second separator plate; operating the
molten carbonate fuel cell at a transference of 0.97 or less and an average current density of
60 mA/em? or more to generate eleciricity, an anode exhaust comprising Ha, CO, and COy,
and a cathode exhaust comprising 2.0 vol% or less CO», 1.0 vol% or more (o, and 1.0 vol%
or more Ho(, wherein an average cathode gas lateral diffusion length is 0.40 mm or less, or
an open area of the cathode surface comprises 45% or more of a total surface area of the
cathode surface, or a combination thereof.

2. The method of claim 1, wherein the cathode input stream comprises 5.0
vol% or less of CO; (or 4.0 vol% or less), or wherein the cathode exhaust comprises 1.0 vol%
or less of CO», or 2 combination thergof.

3. The method of any of the above claims, wherein the transference is 0.95 or
less (or 0.93 or less, or .90 or less).

4, The method of any of the above claims, wherein an average contact area
diffusion length is 1.0 mum or less (or 0.9 mm or less, or 0.7 mm or less), or a contact area of
the cathode collector with the cathode surface is greater than 10% of the fotal surface area of
the cathode surface, or a combination thereof.

5. The method of any of the above claims, wherein an average cathode gas
lateral diffusion length is 0.4 rom or less (or 0.3 mm or less, or 0.2 mm or less), or a contact
area of the cathode collector with the cathode surface is greater than 10% of the total surface

area of the cathode surface, or a combination thereof,
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6. The method of any of the above claims, wherein the cathode surface
comprises one or more grooves, and optionally wherein 2% or more of the open surface area
corresponds to the one or more grooves.

7. The method of any of the above claims, wherein the cathode collector
further comprises an open lattice structure with a lattice size of 0.1 mm or less in contact with
the cathode surface and a spacing structure providing support between the open lattice
structure and the second separator plate.

8. The method of any of the above claims, wherein the voltage drop across the
cathode is 0.4 V or less, or wherein the electricity is gencrated at a voltage of 0.55 V or more,
or a combination thereof,

9. The method of any of the above claims, wherein the open area of the
cathode surface is 50% or more {or 0% or more, or 75% or more), or wherein the average
cathode gas lateral diffusion length is 0.35 mm or less, or a combination thercof,

16. The method of any of the above claims, wherein a H> concentration in the
anode exhgust is 5.0 vol% or more, or wherein a combined concentration of Hy and CO in the
anode exhaust is 6.0 vol% or more, or a combination thereof,

11. The method of any of the above claims, whergin a distance from any point
on the cathode surface to an open area on the cathode surface is 1.0 mm or less.

12. A molten carbonate fuel cell, comprising: an anode; a first separator plate;
an anode collector in contact with the anode and the first separator plate to define an anode
gas collection zone between the anode and the first separator plate; a cathode; a second
separator plate; a cathode collector in contact with the cathode and the second separator plate
to define a cathode gas collection zone between the cathode and the second separator plate;
and an electrolyte matrix comprising an elecirolyte between the ancde and the cathode,
wherein an average cathode gas lateral diffusion length is 0.40 rom or less, or an open area of
the cathode surface is greater than 45% of a total surface area of the cathode surface (or 60%
or more, or 75% or more), or a combination thereof.

13. The molten carbonate fuel cell of claim 12, wherein an average contact
area diffusion length is 1.0 mum or less, or a contact area of the cathode collector with the
cathode surface is greater than 10% of the total surface area of the cathode surface, or
wherein a distance from any poiunt on the cathode surface to an open area on the cathode

surface is 1.0 mum or less, or a combination thereof.
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14, The molten carbonate fuel cell of claim 12 or 13, wherein the cathode
surface comprises one or more grooves, and optionally wherein at least 2% of the open

surface area corresponds to the one or more grogves.

15. The molten carbonate fuel cell of any of claims 12-14, wherein the cathode
collector comprises an open laitice structure with a lattice size of 0.1 mm or less in contact
with the cathode surface and a spacing structure providing support between the open lattice

structure and the second separator plate.



