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GENERATION OF OXYGEN DEPLETED AIR BY A FUEL CELL SYSTEM

0011 This application claims the benefit of U.S. Provisional Application No.
62/191,988, filed July 13, 2018, which is incorporated by reference in its entirety.

002} The present disclosure is directed towards generation of oxygen
depleted air, and more specifically, generation of oxygen depleted air by a fuel cell
system.

003} Fuel cells, usually classified as electrochemical cells or electrolysis
cells, are devices used for generating current from chemical reactions, or inducing a
chemical reaction using a flow of current. A fusl cell converts the chemical energy of
a fuel {e.qg., hydrogen, natural gas, methanol, gasoline, efc.) and an oxidant (air or
oxygen) into electricity and waste products of heat and water. A basic fuel celi
comprises a negatively charged anode, a positively charged cathode, and an ion-
conducting material called an electrolyie.

[004] Different fuel cell technologies utilize different electrolyte materials. A
Froton Exchange Membrane (PEM) fuel cell, for example, utilizes a polymeric ion-
conducting membrane as the electrolyte. In a hydrogen PEM fuel cell, hydrogen
atoms can electrochemically splif into electrons and protons (hydrogen ions} at the
anode. The electrons flow through a circuit to the cathode and generate electricity,
while the protons diffuse through the electrolyte membrane to the cathode. At the
cathode, protons can react with electrons and oxygen that are supplied to the
cathode to produce water and heat,

{006] The reactions taking place at the anode and the cathode of a hydrogen
PEM fuel cell can be expressed as chemical equations, as shown below.

Anode oxidation reaction: 2Hy — 4H" + 4e”
Cathode reduction reaction: 4H" + 4e” + Oy — 2H,0
Overall electrochemical reaction: 2H; + Oy — 2H:0

[006] Hydrogen PEM fuel cells can be used to generate oxygen depleted air.
When an air flow is supplied as an oxidizer o the cathode, oxygen in the air flow is
consumed by the electrochemical reaction at the cathode as shown in the above
chemical equations. Thus, the amount of oxygen in the ocutput air flow discharged
from the cathode compared to that of the air flow supplied to the cathode is reduced.
Thus the output air flow discharged from the cathode is an oxygen depleted air flow.

The oxygen depleted air flow may be utilized for various applications. For example,

e



WO 2017/011449 PCT/US2016/041884

the oxygen depleted air may be supplied o systems for suppressing fire, slowing
oxidation or degradation of artifacts and objects, or preserving food from
deterioration. Applications utilizing oxygen depleted air to suppress fire can be found
in a variety of setlings where oxygen depleted air can be circulated into an enclosed
environment, such as an aircraft cargo bay, building, reoms with electronic
aquipment (e.g. servers, data centers), large warghouses, or document storages.

{0071 To use the oxygen depleted air generated from a fuel cell to supprass
or extinguish fire, it is optimal to reduce the amount of oxygen in the oxygen depleted
air to a minimum to reduce the amount of oxidizer available for combustion. Dus fo
design and water management issues of a fusl cell, the oxygen in the air flow
supplied to the cathode of the fuel cell should exceed the oxygen consumed by the
glectrochemical reactions. Thus, an amount of unconsumed oxygen remains in the
oxygen depleted air flow discharged from the cathode, but to reduce the amount of
oxygen remaining in the oxygen depleted air flow, it is desirable to suppiy the
cathode with the minimum excess of oxygen.

[008] ltis also desirable {0 be able to generate a volume of oxygen depleted
air from the fus! cell in a limited period of time. Typically, the volumetric flow rate of
oxygen depleted air discharged from the cathode increases as the current density of
the fuel cell increases. Thus, to increass the volume of oxygen depleted air
generated from the slectrochemical reactions in the fuel cell in a limited period of
time, it is desirable 1o increase the current density of the fuel cell {o a maximum.

1009] To generate high quality oxygen depleted air {e.g., minimal oxygen
content) in a high volumetric flow rate from a fuel cell, it is desirable to supply fo the
cathode a minimum air flow rate and o operate the fuel cell at a highest current
density. One challenge for operating a fuel celi or fuei cells arranged in a stack, for
example, under these extreme conditions is decreased voltage of the fuel cell dus to
lack of oxygen. The decreased voltage of the fuel cell may result in hydrogen
transportation from the anode to the cathode under electrochermical forces,
sometimes referred o as hydrogen pumping. Hydrogen gas is extremely flammabile
and therefore not suitable to be present in the oxygen depleted air when used for fire
suppression.

[010] Therefore, there is a need for an improved fuei cell system and method

of controlling the system that reliably and consistently generates oxygen depleted air
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from the cathode and limits and/or prevents the presence of hydrogen in the output
air flow of the cathode.

{0111 In consideration of the aforementioned circumstances, the present
disclosure is directed toward a fuel cell system for generating an oxygen depleted air
and method of controlling the system.

1012] Inone aspect, the present disclosure is direcied to a fuel cell system.
The fuel cell system may include a fuel cell having an anode, a cathode, and an
electrolyte positioned between the ancde and the cathode, The cathode may be
configured to receive an air flow and discharge an oxygen depleted air flow. The fuel
cell system may also include a sensor configured to generate a first signal indicative
of g presence of hydrogen in the oxygen depleted air flow and a controller in
communication with the sensor and the fuel cell. The controller may be configured to
detect the presence of hydrogen in the oxygen depleted air flow based on the first
signal, and in response to detecting the presence of hydrogen in the oxygen
depleted air flow, selectively cause a current density of the fuel cell to decrease
and/or increase a flow rate of the air flow {0 the cathode. The coniroller may aiso be
configured to regulate a concentration of oxygen in the oxygen depleted air flow by
regulating the flow rate of the air flow to the cathode. The controlier may be further
configured to regulate a volumetric flow rate of the oxygen depleted air flow by
regulating the current density of the fuel cell. The controller may be configured to
determine a maximum value for the current density of the fuel cell by increasing the
current density untll the presence of hydrogen is detected in the oxygen deplsted air
flow. The coniroller may be configured to determine a minimum value for the flow
rate of the air flow to the cathode by decreasing the flow rate until the presence of
hydrogen is detecled in the oxygen depleted air flow. The fuel cell system may
further include a detector configurad o generate a second signal indicative of a
voltage value of the fuel cell. The detector may be in communication with the
controller. The controller may be configured to reguiate the current density of the
fuel cell so that the voltage value of the fuel cell, or a plurality of fuel celis, or the fuel
cell stack remains above a minimum set point. The controller may be configured to
regulate the flow rate of the air flow to the cathode 30 the vollage value of the fuel
celi remains above a minimum set point. The controlier may also be configured to
regulate the current density of the fuel cell and the flow rate of the air flow {o the

cathode s0 that the voltage value of the fuel cell remains above a minimum set point.
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The electrolyte may be a proton exchange membrane and the presence of hydrogen
may indicate the formation of a hole in the proton exchange membrane. The oxygen
depleted air flow may be supplied to a fire suppression system. The controlier may
be configured to run a feedback control scheme, utilizing at least one of Proportional-
integral-Derivative control, adaptive control, optimal control, model! predictive control,
nonlinear control, and intelligent control. The controlier may further be configured to
adaptively regulate drying of the fuel cell based on the first signal. The fuel cell
system may include a plurality of the fuel cells arranged in a stack.

{013] in ancther aspect, the present disclosure is directed to a3 method of
generating an oxygen depleted air flow. The method may include supplying an air
flow {0 a cathode of a fuel cell. The air flow may be transformed 0 an oxygen
depleted air flow by electrochemical reactions in the fuel cell. The method may also
include detecting a presence of hydrogen in the oxygen depisted air flow discharged
from the cathode. The method may further include controlling a current density of
the fuel cell and/or a flow rate of the air flow {o the cathode based on the detected
presence of hydrogen in the oxygen depleied air flow. The method may include
controlling a concentration of oxygen in the oxygen depleted air flow by controlling
the flow rate of the air flow to the cathede. The method may include controfling a
volumetric flow rate of the oxygen depleted air flow by controlling the current density
of the fuel cell, The method may further include determining a maximum value for
the current density of the fuel cell by increasing the current density until the presence
of hydrogen is detected in the oxygen depleted air flow, The method may further
include determining a minimum value for the flow rale of the air flow to the cathode
by decreasing the flow rate until the presence of hydrogen is detected in the oxygen
depleted air flow. The method may also include detecting a voltage value of the fuel
cell. The method may include regulating the current density of the fuel cell so that
the voltage value remains above a minimum sst point. The method may include
regulating the flow rate of the air flow to the cathode so that the voltage valus
remains above a minimum set point. The method may include regulating the current
density of the fuel cell and the flow rale of the air flow so that the voltage value
remains above a minimum set point. The method may include supplying the oxygen
depleted air flow 1o a fire suppression system. The method may include performing
a feedback control scheme utilizing at least one of a Proportional-integral-Derivative

control, adaptive control, optimal control, model prediclive control, nonlinear control,
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and intelligent control. The method may include adaptively regulating drying of the
fuel cell based on the presence of hydrogen defected.

{014] In another aspect, the present disclosure is directed to a fuel cell
system. The fuel cell system may include a fuel cell having an anode, a cathode,
and an elecirolyte positioned between the anode and the cathode, the cathode
configured o receive an air flow and discharge an oxygen depieted air flow. The fuel
cell system may also include a detector configured to generate a first signal
indicative of a voltage value of the fuel cell and a controller in communication with
the detector and the fuel cell. The controller may be configured to measure the
voltage value of the fuel cell based on the first signal and in response to the voltage
value, selectively regulate a current density of the fuel cell and/or a flow rate of the
air flow to the cathode. The controller may also be configured {o regulate a
concentration of oxygen in the oxygen depleted air flow by regulating the flow rate of
the air flow to the cathode. The controller may also be configured {o regulate a
volumetric flow rate of the oxygen depleted air flow by regulating the current density
of the fuel cell. The controller may be further configured to regulate a voltage value
of the fuel cell above a minimum set point by regulating the current density of the fuel
cell. The controller may be further configured to regulate a voltage value of the fuel
cell above a minimum set point by regulating the flow rate of the air flow o the
cathode. The controlier may be further configured to reguiate a voltage value of the
fuel cell above a minimum set point by regulating the current density of the fuel cell
and the flow rate of the air flow 1o the cathode. The fuel cell system may also
include a sensor configured to generate a second signal indicative of presence of
hydrogen in the oxygen depleted air flow, wherein the sensor is in communication
with the controlier. The coniroller may be further configured to defect the presence
of hydrogen in the oxygen depleted air flow based on the second signal and in
response {0 detecting the presence of hydrogen in the oxygen depleted air flow,
selectively cause the current densily of the fuel cell to decrease andfor increase the
flow rate of the air flow to the cathode.

[015] In another aspect, the present disciosure is directed to a method of
generating an oxygen depleted air flow. The method may include supplying an air
flow {0 a cathode of a fusl cell. The air flow may be transformed {0 an oxygen
depleted air flow by electrochemical reactions in the fuel cell. The method may also

include detecting a voltage value of the fuel cell and controlling a current density of
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the fuel cell and/or a flow rate of the air flow to the cathode based on the voltage
value detected. The method may also include controlling a concentration of oxygen
in the oxygen depleted air flow by controlling the flow rate of the air flow to the
cathode. The method may also include conirolling a volumetric flow rate of the
oxygen depleted air flow by controlling the current density of the fuel ¢cell. The
method may also include regulating the current density of the fuel cell so that the
voltage value remaing above a minimum sel point. The method may further include
reguiating the flow rate of the air flow o the cathode so that the voltage value
remains above a minimum set point. The methed may further include regulating the
current density of the fuel celi and the flow rate of the air flow {0 the cathode so that
the voltage value remains above a minimum sef point. The method may further
include sensing a second signal indicative of presence of hydrogen in the oxygen
depleted air flow when the voltage value of the fuel cell is lower than a minimum
threshold. The method may further include delecling the presence of hydrogen in
the oxygen depleted air flow based on the second signal and controlling the current
density of the fuel cell and/or the flow rate of the air flow to the cathode hased on the
detected presence of hydrogen in the oxygen depleted air flow.

[018] In another aspect, the present disclosurs is directed to a fuel cell
system. The fuel cell system may include a fus! cell having an anode, a cathode,
and an electrolyte positioned between the ancde and the cathode. The cathode may
be configured {0 receive an air flow and discharge an oxygen depleted air flow. The
fuel cell system may also include a detector configured o generate a first signal
indicative of a voltage value of the fuel cell. The fuel cell system may include a
sensor configured to generate 3 second signal indicative of presence of hydrogen in
the oxygen depleted air flow. The fuel cell sysiem may further include a controller in
communication with the detector, the sensor, and the fuel cell. The confroller may
be configured to measure a vollage value of the fuel cell based on the first signal and
in response to the voltage value, selectively regulate a current density of the fuel cell
and/or a flow rate of the air flow o the cathode. When the voltags value is lower
than a minimum threshold, controller may be configured o detsct the presence of
hydrogen in the oxygen depleted air flow based on the second signal and in
response {o detecting the presence of hydrogen in the oxygen depleted air flow,
selectively cause the current density of the fuel cell to decrease and/or increase the
flow rate of the air flow to the cathode,

-5 -
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10171 Inanother aspect, the present disclosure is directed to a method of
generating an oxygen depleted air flow. The method may include supplying an air
flow to a cathode of a fuel cell. The air flow may be fransformed o an oxygen
depleted air flow by electrochemical reactions in the fuel cell. The method may also
include detecting a voltage value of the fuel cell. The method may also include
controiling a current density of the fuel cell and/or a flow rate of the air flow {o the
cathode based on the detected voltage value of the fusl cell. The method may also
include detecting a presence of hydrogen in the oxygen depleted alr flow discharged
from the cathode when the voltage value detected is lower than a minimum
threshold. The method may further include controlling a current density of the fuel
cell and/or a flow rate of the air flow o the cathode based on the detected presence
of hydrogen in the oxygen depieted air fiow.

[018] In another aspect, the present disclosure is directed o a fuel cell
system. The fuel cell system may include an anode, a cathode, and an slectrolyte
positioned between the ancde and the cathode. The cathode may be configured to
receive an air flow and discharge an oxygen depleted air flow. The fuel cell system
may also include a sensor configured to generate a first signal indicative of a
concentration of oxygen in the oxygen depleted air flow. The fuel cell system may
also include a controller in communication with the sensor and the fuel cell. The
controlier may be configured {o regulale a concentration of oxygen in the oxygen
depleted air flow by reguiating a curreni density of the fuel cell and/or the flow rate of
the air flow to the cathode.

[018] ltis o be understood that both the foregoing general description and
the following detailed description are exemplary and explanatory only and are not
resirictive of the present disclosure as claimed.

[020] The accompanying drawings, which are incorporated in and constitute
a part of this specification, Hlustrate embodiments of the present disclosure and
together with the description, serve {o explain the principles of the disclosure.

10211 FIG. 1 is a partial cross-sectional view of a fuel cell, according to an
exemplary embodiment.

10221 FiG. 2 is a schematic Hlustration of a fuel cell stack, according to an
exemplary embodiment.

1023} FiG. 3 is a schematic diagram of a fuel cell system, according o an
sxemplary embodiment.

-7
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[024] FiG. 4 is a flow diagram of control logic of the fuel cell system,
according to an exemplary embodiment.

[025] FIG. & is a flow diagram of control logic of the fuel cell system,
according to another exemplary embediment.

[026] FiG. 6 is a flow diagram of control logic of the fuel cell systemn,
according to another exemplary embodiment.

[027] FiG. 7 is a graph of an exemplary data set of hydrogen volume
percentage of an oxygen depleted air flow from a fuel cell vs. fuel celi voltage.

{028} FiG. 8is a flow chart of methods of generating an oxygen depleted air
flow, according to exemplary embodiments.

[029] Reference will now be made in detall to the exemplary embodiments of
the present disclosure, exampies of which are jilustrated in the accompanying
drawings. Wherever possible, the same reference numbers will be used throughout
the drawings to refer to the same or like paris.

{030] The present disclosure is described herein with reference to illustrative
embodiments. It is understood that the embodiments described herein are not
limited thereto. Those having ordinary skill in the art and access to the {eachings
provided herein will recognize additional modifications, applications, embodiments,
and substitution of equivalents that all fall with the scope of the present disclosurs,

[031] FIG. 1is a partial cross-sectional view of a fusi cell 100, according to
an exemplary embodiment. Fuel cell 100 may convert the chemical energy of a fuel
(e.g., hydrogen, natural gas, methanol, gascling, efe.) and an oxidant (e.g., air or
oxygen;) into electricity and produces heat and water. Fuel cell 100 may comprise an
anode 110, a cathode 120, and an slectrolyte 130 disposed between anode 110 and
cathode 120, As shown in FIG. 1, ancde 110 of fuel celi 100 may be supplied with a
fuel stream and discharge a used fuel stream from anode 110, Although not shown
in FiG. 1, fuel cell 100 may recirculate the used fuel stream in order to recycle
unconsumed fuel, such as hydrogen.

[032] Fuel cell 100 may further comprise two bipolar plates 140, 142
adjacent each of the electrodes. Bipolar plales may act as support plates,
conductors, and may be configured to provide passages o the respective electrode
surfaces of fuel cell 100 and passages for discharging used fuel and oxidant gases.
For example, bipolar plate 140 may be configured to provide an inlet 180 to receive
an air flow 162 comprising an oxidant, such as oxygen, a passage 150 to introduce

~8-



WO 2017/011449 PCT/US2016/041884

air flow 162 to the surface of cathode 120 for electrochemical reaction, and an outlet
170 to discharge an output air flow 172 from fuel cell 100, In some embodiments,
intet 160 may be disposed near a first end of bipolar plate 140 and outlet 170 may be
disposed near a second end of bipolar plate 140, 1t will be understood that inlet 160
and outlet 170 may be located at other positions with respect to bipolar plate 140.
infet 160 and outlet 170 may have any suitable width, cross-sectional area, depth,
shape, and/or configuration. While fuel cell 100 has a {otal of four inlets and outleis
depicted in FIG. 1, { will be understood that a greater or lesser number of inletls and
outlets may be provided.

{0331 In some embodiments, inlet 180 of bipolar plate 140 may receive an
ambient air flow 162 from the surrounding environment. The oxygen in air flow 162
supplied to cathode 120 via inlet 160 of bipolar plate 140 may be consumed by the
electrochemical reaction taking place at cathode 120, producing an oxygen depleted
air flow 172 discharged from outlet 170 of bipolar plate 140, The volume percentage
and/or the concentration of oxygen in oxygen depleted air flow 172 may be less than
that of air flow 162 supplied {o cathode 120 due o the loss of oxygen consumed by
the slectrochemical reaction af cathode 120. The percentage and/or the
conceniration of oxygen in oxygen depleted air flow 172 may be, for example, less
than about 1%, 2%, 3%, 4%, 5%, 8%, 7%, 8%, 9%, 10%, 12%, 14%, 16%, 18%, or
20%. in some embodiments, oxygen depleted air flow 172 may also contain water
vapor produced by the electrochemical reaction at cathode 120 and in some
embodiments water vapor supplied to cathode 120 as part of air flow 162,

[034] Electrolyte 130 may be an ion-conducting material, such as a proton
exchange membrane (PEM), which may comprise a pure polymer membrane or
composite membrane where other material, for example, silica, heteropolyacids,
layered metal phosphates, phosphates, and zirconium phosphales may be
embedded in a polymer matrbx. PEM may be permeable to protons while not
conducting electrons. Anode 110 and cathode 120 may comprise porous carbon
electrodes containing a catalyst layer. The catalyst material, for example platinum,
may increase the electrochemical reaction taking place at anode 110 and/or cathode
120,

[035] For the purposes of this description it will be assumed that fuel cell 100
is a PEM fuel cell. However, as described herein, this disclosurs is not limited to

PEM fuel cells. As is known in the art, for a PEM fuel cell, for example, hydrogen
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atoms may be slecirochemically split into electrons and protons {(hydrogen ions) at
anode 110. The electrons produced by the electrochemical reaction flow through an
glectric load circuit (not shown in FIG. 1) to cathode 120, producing direct-current
electricity. The protons produced by the electrochemical reaction at anede 110
diffuse through electrolyie or proton exchange membrane 130 to cathode 120,
Electrolyte or proton exchange membrane 130 may prevent the passage of
nagatively charged electrons while allowing the passage of positively charged ions,
for example, protons. Following passage through slectrolyie or proton exchange
membrane 130, the protons at cathode 120 may react with electrons that have
passed through the electric load circuit and the oxygen of air flow 162 supplied to
cathode 120 to produce heat and water.

[038] in some embodiments, a plurality of fuel cells 100 may be arranged in
a stack, typically referred to as a fuel cell stack 100, as shown in FIG. 2. For
example, fusl cell stack 100' may contain greater than §, 10, 20, 25, 50, 100, or more
fuel cells 100 connecied electrically in series or in parallel in a manner commonly
known in the art. In some embodiments, fuel cell stack 100’ may include one or
more inlet 180 to receive air flow 162, and one or more outlet 170 to discharge
oxygen depleted air flow 172 from fuel cell stack 100", In some embodiments, fuel
celt stack 100" may include a plurality of bipolar plates, 140, 142, and a plurality of
inlets 180 and/or outlets 170, which may correspond to the number of fuel cell 100,
The following description may reference fuel cell 100, but it is understood that the
embodiments described are aiso applicable to fuel cell stack 100"

{0371 Typically, a certain amount of unconsumed oxygen remains in oxygen
depleted air flow 172 discharged from outlet 170. As described herein, the “amount’
may refer to the percentage, volume, volume percentage, mass, mass percentage,
volume fraction, mass fraction, and/or concentration. According 1o some
embodiments, to reduce the amount of oxygen remaining in oxygen depleted air flow
172, a minimum excess of oxygen in air flow 162 is preferably supplied o cathode
120 via inlet 180, In some embodiments, decreasing the flow rate of air flow 162
supplied to cathode 120 may decrease the amount of oxygen in oxygen deplated air
fliow 172. In other embodiments, decreasing the ratio between the amount of oxygen
in air flow 182 supplied to cathode 120 and the amount of oxygen consumed by the
electrochemical reaction at cathode 120, typically referred to as cathode

stoichiometry, may reduce the amount of oxygen remaining in oxygen depleted air
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flow 172 and improve the effectiveness and thus quality of oxygen depleted air flow
172.

[038] Furthermore, it is preferable {o generate a volume of oxygen depleted
air flow 172 from fuel cell 100 in a limited amount of time, and preferably a maximum
volume. In some smbodiments, for a given air flow rate and/or cathode
stoichiometry, the volumetric flow rate of oxygen depleted air flow 172 generated by
fuel cell 100 may increase as the current density at which fuel cell 100 is operated
increases. Thersfore, it may be preferable {o operate fuel cell 100 at a high current
density {o generate and maximize the volumetric flow rate of oxygen depleted air
flow 172.

[038] In some embodiments, it may be advantageous to operate fuel cell 100
under optimized conditions, where the current density at which fuel cell 100 is
operated is increased to the maximum and the flow rate of air flow 182 supplied {o
cathode 120 or the cathode stoichiometry of fuel cell 100 is decreased to the
minimum. In some embodiments, under such oplimized conditions, the amount of
oxygen in oxygen depleted air flow 172 generated by fuel cell 100 may be optimized
and/or minimized. In some embodiments, under such optimized conditions, the
quality of oxygen depleted air flow 172 generated by fuel cell 100 may be oplimized
and/or maximized.

{0401 One of the challenges of operating fuel cell 100 or fuel celi stack 100
under the optimized conditions discussed above is the possible situation where
hydrogen crosses from anode 110 to cathode 120 and constitutes a portion of
oxygen depleted air flow 172, For example, when the flow rate of air flow 162
supplied to cathode 120 is reduced, the voltage of fuel cell 100, which is the
electrical potential difference between cathede 120 and anode 110, may decrease
due to low oxygen concentration at the cathode. In some situations, the voltage of
fuel cell 100, or the voltages of a plurality of cells in a fuel cell stack 100" may
decrease {o a minimum threshold, at which protons may then be slectrochemically
fransported or "pumped” through electrolyte or proton exchange membrane 130 from
anode 110 to cathode 120 for fuel cell 100 or one or more cells in the fuel cell stack
100, while the electrons are rerouted around electrolyte or proton exchange
membrane 130 {not shown in FIG. 1). Al cathode 120, the transported protons and
rerouted slecirons are reduced to form hydrogen. Hydrogen is a highly combustible
gas and therefore i is desirable to limit or eliminate its presence in oxygen depleted

-1 -
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air flow 172. This is particularly desirable when oxygen depleted air flow 172 may be
utitized, for example, for fire suppression applications. Furthermore, the presence of
hydrogen in oxygen depleted air flow 172 may pose a safety hazard to the user of
fuel cell 100 or fuel cell stack 100, In some situations, itis also possible for holes to
develop in proton exchange membrane 130 of PEM fuel cell 100 over iis lifetime,
allowing hydrogen to pass from ancde 110 {o cathode 120, For example, the
presence of hydrogen in oxygen depleted air flow 172 discharged from cathode 120
may indicate formation of one or more holes in proton exchange membrane 130 of
PEM fuel cell 100,

(0411 Embodiments of a fuel cell system consistent with the present
disclosure may be preferably configured to generate oxygen depleted air flow 172,
for example, by operatively controliing the flow rate of air flow 1682 to cathode 120 1o
a minimum and/or the current density of fuel cell 100 to a maximum. in some
embodiments, a fuel cell system consistent with the present disclosure may limit or
gliiminate hydrogen pumping in fuel cell 100 and/or the presence of hydrogen in
oxygen depleted air flow 172 discharged from cathode 120

[042] FIG. 3 shows a schematic diagram of an exemplary embodiment of a
fuel cell system 200 configured to generate oxvgen depleted air flow 172, Fuel cell
system 200 may include fusl cell 100 and a controlier 210, In some embodiments,
confroller 210 may be configured to reguiate the flow rate of air flow 162 {o cathode
120. For example, controller 210 may be in communication with an air compressor,
an air pump, or a fan feed, configured to supply air flow 162 to cathode 120, or a flow
control valve configured o regulate air flow 162 {o cathode 120, In some
emboediments, the air compressor, the pump, or the fan feed may be slectrically or
mechanically coupled to a motor {0 operate at a speed sufficient to provide a desired
flow rate to cathode 120 (not shown in FIG. 3). Controller 210 may send a command
signal to the motor {0 adjust the speed of the air compressor, the pump, or the fan
feed, and therefore regulate air flow 182 to cathode 120 {0 the desired flow rate. In
other embodiments, a flow control valve may be electrically or mechanically coupled
to an actuator and/or a positioner {not shown in FIG. 3). Controller 210 may send a
command signal to the actuator and/or the positioner of the flow control valve {o
open or close the valve to regulate air flow 162 (o cathode 120 o the desired flow
rate. in some embodiments, by regulating the flow rate of air flow 162 to cathode

120, controlier 210 may regulate the amount of oxygen in oxygen deplated air flow
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172 discharged from cathode 120. For example, when controfier decreases the flow
rate of air flow 182 and oxygen of air flow 162 is consumed by the electrochemical
reaction at cathode 120 at the same rate, the amount of oxygen remaining in oxygen
depleted air flow 172 decreases.

1043} In some embodiments, controller 210 may be configured to regulate
the current density of fuel cell 100. For example, controller 210 may be in
communication with a current regulator, a voltage regulator, a power regulator,
and/or a circuit configured to adjust the current density of fuel cell 100 (not shown in
FIG. 3). Coniroller 210 may send a command signal to the regulator, the vollage
regulator, the power regulator, and/or the circuit fo increase or decrease the current
density of fuel cell 100 to a desired value. In some embodiments, by regulating the
current density of fuel cell 100, controller 210 may regulate the volumetric flow rate
of oxygen depleted air flow 172 generated by fuel cell 100. For example, when
controller 210 increases the current density of fuel cell 100, the rate of
electrochemical reaction at cathode 120 increases and therefore the volumetric flow
rate of oxygen depleted air flow 172 increases.

0441 According to some embodiments, fuel cell system 200 may include fuel
cell stack 100, as shown in FIG. 2. Controller 210 may be configured to be in
communication with one or more fuel cell 100 in fuel cell stack 100, and regulate the
flow rate of air flow 162 io one or more inlet 180 separately or collectively, For
example, controller 210 may be in communication with ong or maore alr compressors,
air pumps, or fan feeds, configured to supply air flow 182 {o one or more fuel cell 100
in fusl cell stack 100°, or one or more flow control valves configured to regulate air
flow 162 to one or more fusl cell 100 in fuel cell stack 100" In other embodiments,
controller 210 may be configured {o reguiate the current density of one or more fuel
cell 100 in fuel cell stack 100" separately or collectively. For example, controlier 210
may be in communication with one or more current regulators, voltage regulators,
power regulators, and/or circuits configured to adjust the current density of one or
more fuel cell 100 in fuel cell stack 100"

[045] In some embodiments, as shown in FIG. 3, fusl cell system 200 may
also include a sensor 220 configured {0 detect the presence of hydrogen and/or the
amount of hydrogen in oxygen depleted air flow 172 discharged from outlet 170. In
some embodiments, sensor 220 may be configured {0 be integral to bipolar plate 140

or may be positionsd along a piping or conduit downstream of outlet 170.
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[046] Sensor 220 may be configured o generate a feedback signal indicative
of the presence (e.g., a detection switch} or amount of hydrogen {(e.g., an analog
fransmitter) in oxygen depleted air flow 172, Sensor 220 may be in communication
with controller 210 and configured to transmit feedback signal 225 to controller 210
Based on feedback signal 225, controller 210 may be configured to detect and/or
determine the presence or amount of hydrogen in oxygen depleted air flow 172, In
some embodiments, fuel cell system 200 may include a plurality of sensors 220 that
may generate a plurality of feedback signals 225 and controller 210 may detect
and/or determine the presence or amount of hydrogen in oxygen depleted air flow
172 based on the plurality of feedback signals 225, In some embodiments, the
piurality of sensors 220 may be configured to be integral fo different positions of one
or more bipolar plate 140 or may be distributed along a piping or conduit
downstream of one or more cutlet 170.

10471 In some embodiments, sensor 220 may be analog fransducers
configured to be able to measure a range of percentage, concentration, or amount of
hydrogen in oxygen depleted air flow 172 and generate corresponding feedback
signal 225 indicative of the percentage, concentration, or amount of hydrogen
measured. For example, a measurement range of sensor 220 may cover 8.01%~
10.0% concentration or volume percentage of hydrogen. In other embodiments,
sensor 220 may be a digital transducer, for example, a detection switch, which may
detect only the presence or non-presence of hydrogen in oxygen depleted air flow
172 based on a certain threshold or limit and may generate corresponding feedback
signal 225 indicative of whether hydrogen is present or not present. In some
embodiments, sensor 220 may include a signal amplifier, an analogue-to-digital
converter, a signal processor, a signal filkering circuit, and/or a noise canceliation
circuit. it will be undersiood that any suitable hydrogen sensor may be employed to
directly or indirectly detect or measure the presence of hydrogen in oxygen depleted
air flow 172, including, for example, palladium-based sensors, optical fiber hydrogen
sensors, electrochemical hydrogen sensors, MEMS hydrogen sensors, thin film
hydrogen sensors, thick film hydrogen sensors, chemochromic hydrogen sensors,
thermal catalvtic and diode-based Schottky hydrogen sensors. In some
embodiments, sensor 220 may be calibrated at the manufacturing factory and valid
for the service life of the fuel cell. in other embodiments, sensor 220 may be re-

calibrated and/or replaced during the life of the fuel cell.
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048] In some embodiments, as shown in FIG. 3, fuel call system 200 may
include a detector 230, Detector 230 may be electrically connected to anode 110
and cathode 120, Detector 230 may be configured to detect a voltage value of fusl
cell 100 and generate a feedback signai 235 indicative of the voltage value of fuel
cell 100. Detector 230, for example, may comprise an analog voitmeter, a digital
voltmeter, a mullimeter, and/or an electronic test device. Detector 230 may be in
communication with controller 210 and configured to tranemit a feedback signal 235
{o controller 210, Based on feedback signal 235 from detector 230, controller 210
may be configured {o measure and/or determineg the voltage value of fuel cell 100, In
some embodiments, fuel cell system 200 may include a plurality of detectors 230
that may generate a plurality of feedback signals 235 indicative of one or more
voltage values of fuel cell 100 or fuel cell stack 100", For example, fuel cell sysiem
200 having a plurality of fuel cells 100 may have a corresponding plurality of
detectors 230 so that the voliage value of each fuel cell 100 may be monitored.
Based on the plurality of fesdback signals 238 transmitted from detectors 230,
controlier 210 may be configured to measure and/or determing one or more voltage
values of each fuel cell 100, In other embodiments, based on the plurality of
feedback signals 235, controller 210 may determine one or more algorithmically
calculated voltage vaiues of fuel cell 100,

{0497  As shown in FIG. 4, controller 210 may be configured {o selectively
regulate the current density of fuel cell 100 and/or the flow rate of air flow 162 {o
cathode 120 based on the presence and/or amount of hydrogen in oxygen depleted
air flow 172. For example, as shown in FIG. 4, sensor 220 may detect a presencs
and/or an amount of hydrogen in oxygen depleted air flow 172 and generate signal
225. Sensor 220 may transmit signal 225 to controller 210. Based on signal 225,
controlier 210 may selectively adjust the current density of fuel cell 100 and/or adjust
the flow rate of air flow 162 to cathode 120, For example, in response o detecting a
presence of hydrogen in oxygen depleted air flow 172, controller 210 may decrease
the current density of fuel cell 100 and/or increase the flow rate of air flow 182 to
cathode 120, In some embodiments, in response {0 the amount of hydrogen in
omygen depleted air flow 172, controlier 210 may determine a preferable value of
current density of fuel cell 100 and/or a preferable flow rate of air flow 162, and may
decrease the current density of fuel cell 100 to the preferable value and/or increase

the flow rate of air flow 182 to the preferable flow rale.
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(0801 In some embodiments, controiler 210 may determine an optimal and/or
maximum operating value for the current density of fuel cell 100, for example, by
increasing the current density until the presence or a certain amount of hydrogen
bayond a threshold is detected by sensor 220 in oxygen depleted air flow 172, In
other embodiments, controlier 210 may determine an optimal and/or minimum
operating value for the flow rale of air flow 162 {o cathode 120, for example, by
decreasing the flow rate of air flow 182 until the presence or a certain amount of
hydrogen beyond a threshold is detected by sensor 220 in oxygen depleted air flow
172

{0511 As shown in FIG. 5, controller 210 may also selectively regulate the
current density of fuel cell 100 and/or the flow rate of air flow 162 to cathode 120
based on the detected voltage value of fuel cell 100. For example, as shown in FIG.
5, detector 230 may detect a voltage value of fuel cell 100 and generate signal 235.
Detector 230 may transmit signal 235 o controller 210, Based on signal 235,
controller 210 may selectively adjust the current density of fuel cell 100 and/or adjust
the flow rate of air flow 182 {o cathode 120. For example, when the voltage value of
fuel cell 100 detected is lower than a minimum set point, at which hydrogen pumping
may occur in fuel cell 100, controller 210 may decrease the current density of fuel
cell 100 until the voltage value of fuel cell 100 is increased above the minimum set
point. in ancther example, when the voltage value of fuel cell 100 detected is lower
than the minimum set point, controller 210 may increase the flow rate of air flow 162
to cathode 120 until the voltage value of fuel cell 100 i3 increased above the
minimum set point. In other embodiments, controlier 210 may also be configured to
reguiate both the current density of fuel cell 100 and the flow rate of air flow 162 (o
cathode 120 in sequence or concurrently so that the voltage value of fuel cell 100
remains above the minimum set point.

[052] In some embodiments, as shown in FIG. 3, fuel cell system 200 may
include both sensor 220 and detector 230, Controller 210 may be configured to be in
communication with both sensor 220 and detector 230. For such embodiments, as
shown in FIG. 8, controller 210 may receive both feedback signals 225 and 235 from
sensor 220 and detector 230, and may selectively regulate the current density of fuel
cell 100 and/or the flow rate of air flow 162 to cathode 120 based on both feedback
signals. In some embodiments, confrofier 210 may be configured o determine a

minimum operating set point or a minimum threshold of the veltage value of fuel cell
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100 using both feedback signals. For example, as shown in FIG. 7, in one
exemplary data set, controlier may determine the minimum set point or the minimum
threshold of the veliage value of fuel cell 100 by causing the voltage value to
decrease and determining at which voltage value hydrogen starts to cross from
anode 110 to cathode 120 and appear above a certain level or threshold in oxygen
depleted air flow 172, As shown in FIG. 7, in this particular exemplary data set, as
the voltage value decreases from 180 mV {o 50 mV, there is no or litlle amount of
hydrogen detected in oxygen depleted air flow 172, When the voltage value
continues to decrease below 50 mVY, the volume percentage of hydrogen in oxygen
depleted air flow 172 begins to rise and registers at about 0.8% when the voltage
value is reduced 1o about 20 mV. The minimum set point or the minimum threshold
of the voltage value at which hydrogen begins {o appear in oxygen depleted air flow
172 of fuel celi 100 may vary depending on the properties and the operation
conditions of fuel cell 100, For example, the minimum set point or the minimum
threshold of fuel cell 100 may range from about 0 to 1 volt, 0.01 volt to 1 voli, about
0.02 volt to 1 volt, about 0.03 volt to 1 volt, about 0.04 volt to 1 volt, about 0.05 volt o
1 velt, about 0.06 volt to 1 volt, gbout 0.07 volt to 1 voit, about 0.08 volt to 1 volt,
about 0.08 volt to 1 volf, about 0.1 volt to 1 volt, about 0.2 volt to 1 volt, about 0.3 volt
to 1 volt, 0.4 volt to 1 voll, 8.5 volt to 1 volt, 0.6 voitto 1 volif, 0.7 voit to 1 volt, 0.8
yolt to 1 volt, or 0.8 volt to 1 voit

[053] In some situations, when the voltage value of fuel cell 100 is lower than
the minimum set point or threshold, hydrogen pumping may occur in fuel cell 100
and hydrogen may appear in oxygen depleted air flow 172 from fuel cell 100, In
such situations, sensor 220 may or may not detect the amount of hydrogen in
oxygen depleted air flow 172, Sensor 220 may generate signal 225 and transmit
signal 225 to controller 210, Based on signal 225, for example, if controller 210
detects a certain amount or concentration of hydrogen above a threshold level,
controller 210 may decrease the current density of fuel cell 100 and/or increase the
flow rate of air flow 182 to cathode 120 to limif or eliminate the presence of hydrogen
in oxygen depleted air flow 172, For another example, if controiler 210 does not
detect hydrogen based @h signal 225 even when the vollage value of fuel cell 100 is
lower than the minimum set point, coniroller 210 may further increass the current
density of fuel cell 100 and/or decrease the flow rate of air flow 182 to cathode 120,

which may reduce the voitage value of fuel cell 100, in order to determine a lower
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minimum operating set point or threshold of the voltage value of fuel cell 100. On
the other hand, when coniroller 210 does not detect hydrogen based on signal 225
even when the voltage value of fuel cell 100 is lower than the minimum set point,
controlier 210 may decrease the current density of fuel cell 100 and/or increase the
flow rate of air flow 162 to cathode 120 to raise the voltage value to be above the
minimum set point or the minimum threshold.

[054] In other situations, when the voltage value of fuel cell 100 is higher
than the minimum threshold, controiler 210 may increase the current density of fusl
cell 100 and/or decrease the flow rate of air flow 162 {o cathode 120 fo further
reduce the amount of oxygen in oxygen depleted air flow 172, and in doing so, may
decrease the vollage value of fuel cell 100, In such situations, controller 210, for
example, may keep increasing the current density of fuel cell 100 and/or decreasing
the flow rate of air flow 162 to cathode 120 until the voltage value of fuel celt 100 is
reduced to about the minimum set point. When the voltage value of fuel cell 100 s
not tower than the minimum threshold, for example, sensor 220 may also be
configured to detect the presence or amount of hydrogen in oxygen depleted air flow
172, generate signal 225, and transmif signal 225 {o conlrolier 210. Based on signal
225, for example, controller 210 may detect the amount of hydrogen in oxygen
depleted air flow 172 of fuel cell 100, For example, if controller 210 detects a certain
amount or concentration of hydrogen above a threshold even if the voltage value of
fuel cell 100 is above the minimum set point, controller 210 may decrease the
current density of fuel cell 100 and/or increase the flow rate of air flow 162 1o
cathode 120 to limif or eliminate the presence of hydrogen in oxygen depleted air
fiow 172, Controller 210 may further determine a higher minimum operating sst
point or threshold of the voltage value of fuel cell 100. For another example, if
controlier 210 does not detect presence of hydrogen in oxygen depleted air flow 172,
controller may not regulate the current density of fuel cell 100 and/or the flow rate of
air flow 162 to cathode 120 until controller 210 detects presence of hydrogen from
feadback signal 225.

{055] According to some embodiments, fuel cell system 200 may include fuel
cell stack 100", as shown in FIG. 2. Due to possible cell-to-cell variations in
geometry, chemical, and/or physical properties under certain operational conditions,
such as temperature and humidity, the voltage of each fuel cell 100 in fuel cell stack
100" may be detected at a different value. In some embodiments, the voltage of one
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or more of fuel cell 100 in the fuel cell stack 100" may be below the minimum set
point or minimum threshold, at which hydrogen pumping may occur for one or more
fuel cell 100, constituting collectively a portion of oxygen depleted air flow 172, In
order to imit or eliminate the presence of hydrogen in oxygen depleted air flow 172
generated by fuel cell stack 100, for example, controller 210 may be configured to
increase the lowest voltage values of fuel cells 100 in fuel cell stack 100 to desired
positive values above the minimum set point or minimum threshold. For example,
controller 210 may selectively regulate the flow rate of air flow 162 to cathode 120
and/or the current density of fuel cell stack 100° similarly to the exemplary
embodiments and situations described above.

[056] In some embodiments, controlier 210 may adjust the minimum set
point or minimum threshold based on the number of cells in fuel cell stack 100", In
gther embodiments, controller 210 may adjust the minimum set point or minimum
threshold based on the number of fuel cells in fuel cell stack 100" thal have low
voltage values. This may be advantageous when some of the fuel cells in fusi cell
stack 100" may have low vollage vaiues, and thus have hydrogen pumping from the
anode to the cathode while the others may not. Therefore, as the number of fugl
cells increases in fuel cell stack 100, the amount of hydrogen generated from the
fuel cells that have low voltage values may be diluted and decrease in oxygen
depleted air flow 172, In these situations, higher amount of hydrogen may be
allowable from a singie fuel cell, and thus a lower minimum voltage set point or
threshold may be allowed. Provided that a sufficient number of fuel cells comprise
fuel stack 100°, the amount of hydrogen in oxygen depleted air flow 172 from the fusl
cells having low veltage values in fuel cell stack 100" may be diluted and reduced. In
some situations, controller 210 may adaptively detact the voltage values of the fuel
celis and determine the minimum set point or minimum threshold based on the
number of fuel cells having low voltage values,

10571 In some embodiments, sensor 220 may detect the presence or amount
of hydrogen in oxygen depleted air flow 172 and generate feedback signal 225 and
detector 230 may detect the voltage value of fuel cell 100 and generale feedback
signal 235 in fuel cell system 200 at the about same time. For exampie, based on
feedback signals 225 and 235, controller 210 may compare the detected voltage
value o the minimum set point and also determine the presence or amount of

hydrogen in oxygen depleted air flow 172. Under similar situations as described
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above, controlier 210 may selectively regulate the current density of fuel cell 100
and/or the flow rate of air flow 162 to cathode 120 to decrease the amount of oxygen
to a minimum while limiting or eliminating presence of hydrogen in oxygen depleted
air flow 172 generated by fuel cell system 200,

{068] In some embodiments, sensor 220 may be an oxygen sensor and may
detect the amount or concentration of oxygen in oxygen depleted air flow 172 and
generate feedback signal 225. Feedback signal 225 may be sent {o controlier 210,
Under similar situations as described above, controller 210 may selectively regulate
the current density of fuel cell 100 and/or the flow rate of air flow 162 1o cathode 120
based on the concentration of oxygen detected by sensor 220 to decrease the
amount of oxygen {o a minimum.

{0581 Controller 210 may be configured to utilize a variely of feedback controf
schemes, for example, Proportional-infegral-Derivative control, adaptive controd,
optimal control, model predictive control, nonlinear confrol, or intelligent control.
Additionally, controller 210 may embeody, for example, one or more general
microprocessors capable of controlling numerous functions of fuel cell system 200.
Controller 210 may include a memory (e.g., a RAM), a secondary storage device
{8.g., a ROM), a processor {e.g., a8 CPU}, or any other components for exscuting
programs to perform the disclosed functions of fuel cell system 200. Various other
circuits may be associated with controller 210, such as power supply circuitry, signal
conditioning circuitry, data acquisition circuitry, signal cufput circuitry, signal filtering
circuifry, signal ampiification circuifry, and other types of circuilry known in the art.

{0801 In some embodiments, controller 210, sensor 220, detector 230, and
fuel cell 100 may be operatively coupled, via, .q., a wireless or hard connection,
and may continuously, periodically, or stochastically communicate detection,
measurement, and/or instruction signals. In some embodiments, controller 210 may
be further configured {o adaptively regulate drying of fuel cell 100 based on the
presence of hydrogen detected in oxygen depleted air flow 172, For example,
controller 210 may be in communication with one or more humidity control units,
fans, vacuum, water vapor generators, oxygen sensors, and/or humidity sensors,
corfigured to regulate and/or detect the humidity or water vapor percentage of air
flow 162 to fuel cell 100 and/or air flow 172 from fuel cell 100, In some

embodiments, controller 210 may indicate to a user of the fuel cell system that
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hydrogen is detected and/or a voltage value less than a minimum threshold is
measured, for example, by a visual or audible signal,

[061] In some embodiments, sensor 220 and/or detector 230 may be
configured to generate feedback signals 225 and 235 on a regular time interval
automatically. In other embodiments, sensor 220 and/or detector 230 may be
configured to generate feedback signals 225 and 235 upon a reguest from controlier
210, In some embodiments, sensor 220 and/or detector 230 may be calibrated or
adjusted based on one or more of the operational condition of the fuel cell system,
for example temperature, humidity, pressure, and current density. Accordingly, one
or more additional measurement devices may be included in the fuel cell system in
order {0 measure any suitable parameter of the operational conditions, for example,
a pressure gauge, a thermometer, a8 humidity sensor, or other suitable devices.

[062] Fuel cell system 200 as described hersin may enable control of one or
more fuel cell 100 such that an optimized and/or maximized quality and volume of
oxygen depleted air flow 172 is generated and discharged from cathode 120 for its
applications, such as fire suppression applications. Oxygen depleted air flow 172
generated by fuel cell system 200 may be collected and delivered to a supplier or a
consumer of the oxygen depleted air, for example, immediately afier collection or
after a pericd of storage time. Consumers may use the oxygen depleted air for any
suitable use, including for suppressing or preventing a fire, extinguishing a fire, or
slowing oxidation of chemicals or materials. In some embodiments, oxygen depleted
air flow 172 may be circulated and/or flood a space to achieve a certain
concentration or percentage of total volume of air in the space. In other
embodiments, oxygen depleted air flow 172 may be applied locally to extinguish a
fire or to surround an object in a fire. In addition, oxygen depleted air flow 172 may
be collected and then siored and packaged in suitable storage containers during
transportation, storage, and usage. The suppliers and consumers may be the same
entity, for example, a retailer or manufacturer may produce its own oxygen depleted
air for its own usage. A maximum concentration or amount of oxygen in the oxygen
depleted air may be set by an industry standard, e.g., the NFPA Standard for Clean
Agent Fire Extinguishing Systems | standards for hypoxic air fire prevention systems,
or may be dictated at least in part by the needs of consumers, for example. In some

instances, for example, the volume percentage of oxygen in the oxygen depleted air
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may be less than about 0.5%, 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%, 9%, 10%, 12%,
14%, 16%, 18% or 20%.

[063] FIG. 8 shows a flow chart of steps that controller 210 may execute io
generate oxygen depleted air flow 172 by controlling fuel cell system 200, according
to exemplary embodiments. A first method may comprise steps 810, 820, 840, 850,
and/or 860. Step 810 may comprise syster initialization operations, for example,
connecting to a power source or measuring and setting up operational conditions,
such as {emperature, humidity, and initial current density. In some embodiments,
step 810 may comprise determining a minimum set point or threshold of the voltage
value of fuel cell 100 by decreasing the flow rate of air flow 162 to cathode 120 while
detecting presence of hydrogen in oxygen depleted air flow 172 discharged from
cathode 120. The minimum set point may be determined at which hydrogen starts to
cross from anode 110 to cathode 120 and appear above a certain level or threshold
in oxygen depleted air flow 172, as shown in exemplary data setin FIG. 7. Step 820
may comprise supplying air flow 162 to cathode 120 of fuel cell 100, whersin air flow
162 may comprise certain amount of oxygen. As fuel cell 100 is generating oxygen
depleted air flow 172, step 840 may comprise detecting the presence or amount of
hydrogen in oxvgen depleted air flow 172 discharged from cathode 120, in some
situations, when hydrogen is detected, controller 210 may proceed {o step 850
and/or step 860. Step 850 may comprise controlling the current density of fuel cell
100 and step 860 may comprise controlling the flow rate of air flow 182 to cathode
120 in order to reduce or eliminate the presence of hydrogen in oxygen depleted air
flow 172. For example, step 850 may decrease current density of fusl cell 100 and
step 860 may increase the flow rate of air flow 162 to cathode 120 untll hydrogen is
not detected or eliminated. In other situations, when hydrogen is not detected,
controlfler 210 may increase the current density of fuel cell 100 and/or decrease the
flow rate of air flow 162 to cathode 120 untit hydrogen is detected.

1064} According to another exemplary embodiment, a second method of
operation for controller 210 may comprise steps 810, 820, 830, 835, 850 and/or 860.
Steps 810 and 820 may be implemented as described above. Step 830 may
comprise detecting the voltage value of fuel cell 100 as fuel cell 100 generates
oxygen depleted air flow 172, Step 835 may comprise comparing the voltage valug
detected to a minimum voltage set point or minimum threshold. If the voltage value

is below a minimum set point or threshold, controller 210 may procesd to step 850
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and/or step 860, which may be similarly implemented as described above. For
example, step 850 may decrease currentydensity of fuel cell 100 and step 860 may
increase the flow rate of air flow 162 to cathode 120 in order to increase the voltage
value of fuel cell 100 to be above the minimum set point. If the voltage value is
above a minimum set point or threshold, for example, controller 210 may proceed to
step 850 and/or step 8680, wherein step 850 may increase current density of fuel cell
100 and step 880 may decrease the flow rate of air flow 162 to cathode 120 in order
to decrease the amount of oxygen in oxygen depleted air flow 172, By doing so,
controlier 210 may decrease the vollage value of fuel cell 100 and/or update a new
minimum set point or threshold for the voltage value of fuel cell 100, Conirolier 210
may alternatively, for example, not proceed to step 850 and/or 880 if the vollage
value of fuel cell 100 detected is above the minimum set point or threshold.

[065] According to another exemplary embodiment, a third method of
operation for controller 210 may comprise sieps 810, 820, 830, 835, 840, 850 and/or
860. Steps 810, 820, 830, and 835 may be similarly implemented as described
above. At siep 835, if the voltage vaiue detected is lower than the minimum set point
or threshold, controller 210 may proceed to step 840 {o detect the presence or
amount of hydrogen in oxygen depleted air flow 172 discharged from cathode 120
At step 8B40, if hydrogen is detected, for example, controlier 210 may proceed to step
B850 and/or step 860, wherein siep 850 may decrease current density of fuel cell 100
and step 860 may increase the flow rate of air flow 162 to cathode 120 in order fo
reduce or eliminate presence of hydrogen in oxygen depleted air flow 172, f
hydrogen is not detected, for example, confrolier 210 may also proceed {o step 850
and/or step 880, wherein step 850 may increase current density of fuel cell 100 and
step 860 may decrease the flow rate of air flow 162 to cathode 120 in order io
decrease the amount of oxygen in oxygen depleted air flow 172. By doing so,
controlier 210 may decrease the voltage value of fuel cell 100 and update a new
minimum set point or threshold for the voltage value of fuel cell 100. Controller 210
may alternatively, for example, not proceed to step 850 and/or 860 if hydrogen is not
detected.

{086] On the other hand, at step 835, for example, if the voliage value
detected is not lower than the minimum set point or threshold, controller 210 may
also proceed to step 840 {o detect the presence of hydrogen in oxygen depleted air
flow 172, based on which controller 210 may proceed to step 850 and/or step 880,
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For example, if hydrogen is detected in oxygen depleted air flow 172 at step 840,
controlier 210 may proceed to step 850 and/or step 880 to decrease the current
density of fuel cell 100 and/or increase the flow rate of air flow 182 to cathode 120 to
Himit or eliminate the presence of hydrogen in oxygen depleted air flow 172,
Controlier 210 may further determine a higher minimum operating set point or
ihreshold of the voltage value of fuel cell 100. For another example, if hydrogen is
not detected in oxygen depleted air flow 172 at step 840, controller may not proceed
to step 850 and/or step 860 until the presence of hydrogen is detected at step 840,

10671 In some embodiments, controller 210 may combine any two of or all of
the exemplary methods discussed above. For example, steps 830 and 840 may be
executed in seguence, in parallel, or selectively in the exemplary methods described
above. In some embodiments, as shown in FIG. 8, by controlling the flow rate of air
flow 162 to cathode 120 at step 850, controlier 210 may regulate the amount of
oxygen in oxygen depleted air flow 172 generated at step 820, For example,
decreasing the flow rate of air flow 162 at step 850 may decrease the amount or
concentration of oxygen in oxygen depleted air flow 172 generated at step 820, In
other embodiments, by controlling the current density of fuel celi 100 at step 860,
controlier 210 may regulate the volumetric flow rate of the oxygen depleted air flow
172 from cathode 120, For example, increasing thé current density of fuel cell 100 at
step 860 may increase the amount of oxygen depleted air flow 172 generated at step
820,

[088] In some embodiments, upon sensing a low volfage or presence of
hydrogen in oxygen depleted air flow 172, controller 210 may activate an air purge
including a temporary increase in the air flow supplied to the cathode until either the
voltage of fus! cell 100 or fuel cell stack 100" increases or hydrogen concentration in
oxygen depleted air flow 172 decreases to an acceptable threshold. In some
embodiments, the air purge may aiso include a fixed-time purge with a fixed air flow
rate or an air flow rate {uned based on other parameters, such as hydrogen
concentration in oxygen depleted air flow 172 or the voltage of fuel cell 100 or fuel
cell stack 100'. In some situations, the air purge may remove a water blockage from
a gas flow channel restricting the air flow {0 a given fuel cell. After removal of the
water blockage, the fuel cell may be able to produce a higher volumetric flow rate of
oxygen depleted air by further increasing the current density, and the guality of the
oxygen depleted air from the fuel celt may be improved by reducing air flow and thus
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decreasing the residual oxygen concentration in oxygen depleted air flow 172 from
the cathode.

[068] Other embodiments of the present disclosure will be apparent to those
skilled in the art from consideration of the specification and practice of the present
disclosure disclosed hergin. it is intended that the specification and examples be
considered as exemplary only, with a frue scope and spirit of the present disclosure
being indicated by the following claims.
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What is claimed is:

1.

A fuel cell system comprising:

a fuel cell having an anode, a cathode, and an slectrolyte positioned
between the anode and the cathode, the cathode configured to receive an air
flow and discharge an oxygen depleted air flow,

a sensor configured to generate a first signal indicative of a presence
of hydrogen in the oxygen depleted air flow; and

a controller in communication with the sensor and the fusl cell, whearein
the controller is configured to:

detect the presence of hydrogen in the oxygen depleted air flow
based on the first signal; and

in response o detecting the presence of hydrogen in the oxygen
depleted air flow, selectively cause a current density of the fusl cell {o

decrease and/or increass a flow rate of the air flow 1o the cathode.

The fuetl cell system of claim 1, wherein the controlier is configured o regulate
a concentration of oxygen in the oxygen depleted air flow by regulating the

flow rate of the air flow to the cathode.

The fuel cell system of claim 1, wherein the controlier is configured o regulate
a volumetric flow rale of the oxygen depleted air flow by regulating the current

density of the fue! cell.

The fuel cell system of claim 1, wherein the controller is configured o

determine a maximum value for the current density of the fuel cell by

-



WO 2017/011449 PCT/US2016/041884

increasing the current density until the presence of hydrogen is detected in

the oxygen depleted air flow.

5. The fuel cell system of claim 1, wherein the controlier is configured to
defermine a minimum value for the flow rate of the air flow to the cathode by
decreasing the flow rate until the presence of hydrogen is detected in the

oxygen depleted air flow.

8. The fuel cell system of claim 1, further comprising a detector configured fo
generate a second signal indicative of a voltage value of the fuel cell, whersin

the detector is in communication with the controlier.

7. The fuel cell system of claim &, wherein the controller is configured to regulate
the current density of the fuel cell so that the voliage value of the fuel cell, or a

plurality of fuel cells, or the fuel cell stack remains above a minimum set point.

8. The fuel cell system of claim 8, wherein the coniroller is configured {o regulate
the flow rate of the air flow to the cathode so the voltage value of the fuel cell

remains above a minimum set point

9. The fuel cell system of claim &, wherein the controller is configured to regulate
the current density of the fuel cell and the flow rate of the air flow to the
cathode so that the voltage value of the fuel cell remains above a minimum

set point.
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10.

1.

12.

13.

14.

15.

The fuel cell system of claim 1, wherein the electrolyte is a proton exchange
membrane and the presence of hydrogen indicates the formation of a hole in

the proton exchange membrane.

The fuel cell system of claim 1, wherein the oxygen depleted air flow is

supplied o a fire suppression system.

The fuel cell system of claim 1, wherein the controller is configured fo run a
feedback control scheme, ulilizing at least one of Proportional-integral-
Derivative control, adaptive control, optimal control, model predictive control,

nonlinear control, and intelligent control.

The fuel cell system of claim 1, wherein the controller is configured fo

adaptively regulate drying of the fuel cell based on the first signal.

The fuel cell system of claim 1, further comprising a piurality of the fuel cells

arranged in a stack.

A method of generating an oxygen depleted air flow, comprising:

supplying an air flow to a cathode of a fuel cell, wherein the air flow is
transformed to an oxygen depleted air flow by electrochemical reactions in the
fusl cell;

detecting a presence of hydrogen in the oxygen depleted air flow

discharged from the cathode; and

IR
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16

17,

18.

18.

20,

21.

cortroliing a current density of the fuel cell and/or a flow rate of the air
flow to the cathode based on the detected presence of hydrogen in the

oxygen depleted air flow.

The method of claim 15, further comprising controlling a concentration of
oxygen in the oxygen depleted air flow by controlling the flow rate of the air

flow {0 the cathode.

The method of claim 18, further comprising controliing a volumetric flow rate
of the oxygen depleted air flow by controiling the current density of the fuel

cell

The method of claim 15, further comprising determining a maximum value for
the current density of the fugl cell by increasing the current density until the

presence of hydrogen is detected in the oxygen depleted air flow.

The method of claim 15, further comprising determining a minimum value for
the flow rate of the air flow 1o the cathode by decreasing the flow rate untif the

presence of hydrogen is detected in the oxygen depleted air flow.

The method of claim 15, further comprising detecting a voltage value of the

fuel cell.

The method of claim 20, further comprising regulating the current density of

the fusl cell so that the voltage value remains above a minimum set point.

-3 .
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22

23,

24,

25,

26,

27,

28.

The method of claim 20, further comprising regulating the flow rate of the air
flow to the cathode so that the voltage vailue remains above a minimum set

point.

The method of claim 20, further comprising regulating the current density of
the fuel cell and the flow rate of the air flow so that the voltage value remains

above a minimum set point.

The method of claim 15, wherein an electrolyte of the fuel cell is a profon
exchange membrane and the presence of hydrogen indicates the formation of

a hole in the proton exchange membrane.

The method of claim 15, further comprising supplying the oxygen depleted air

flow o a fire suppression system.

The method of claim 15, further comprising performing a feedback control
scheme ulllizing at least one of a Proportional-integral-Derivative control,
adaptive control, optimal control, model predictive control, nonlinear control,

and intelligent control.

The method of claim 15, further comprising adaptively regulating drying of the

fuel cell based on the presence of hydrogen detected.

A fuel cell system comprising:

- 30 -
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29.

3Q.

31

a fuel cell having an anode, a cathode, and an electrolyvte positioned
between the ancde and the cathode, the cathode configured to receive an air
flow and discharge an oxygen depleted air flow;

a detector configured to generate a first signal indicative of a voltage
value of the fuel cell; and

a controlier in communication with the detector and the fuel cell,
wherein the controlier is configured to:

measure the vollage valueg of the fuel cell based on the first
signal; and
in response {o the vollage value, selectively regulate a current

density of the fuel cell and/or a flow rate of the air flow to the cathode.

The fuel cell system of claim 28, wherein the controller is configured {o
regulate a concentration of oxygen in the oxygen depleted air flow by

regulating the flow rate of the air flow o the cathode.

The fuel cell system of claim 28, wherein the controller is configured to
regulate a volumedtric flow rate of the oxygen depleted air flow by regulating

the current density of the fuel cell.

The fuel cell system of claim 28, wherein the controller is configured to
regulate a voltage value of the fusl cell above a minimum set point by

regulating the current density of the fusl cell.
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32

33.

34,

35,

36,

The fuel cell system of claim 28, wherein the controller is configured to
regulate a voltage value of the fuel cell above a minimum set point by

regulating the flow rate of the air flow to the cathode.

The fuel cell system of claim 28, wherein the controller is configured to
regulate a vollage value of the fuel cell above a minimum set point by
regulating the current density of the fuel cell and the flow rate of the air fiow fo

the cathode,

The fuel cell system of claim 28, further comprising a sensor configured (o
generate a second signal indicative of presence of hydrogen in the oxygen

depleted air flow, wherein the sensor is in communication with the controller,

The fuel cell system of claim 34, wherein the controlier is configured to:
detect the presence of hydrogen in the oxygen depleted air flow based
on the second signal; and
in response to detecting the presence of hydrogen in the oxygen
depleted air flow, selectively cause the current density of the fuel cell fo

decrease and/or increase the flow rate of the air flow o the cathode.

A method of generating an oxygen dépieted air flow, comprising:

supplying an air flow {o a cathode of a fuel cell, wherein the air flow is
fransformed to an oxygen depleted air flow by electrochemical reactions in the
fuel celi;

detecting a voltage value of the fuel cell; and

<37 -
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controlling a current density of the fuel cell and/or a flow rate of the air

flow {o the cathode based on the voltage value detected.

37, The method of claim 38, further comprising controlling a concentration of
oxygen in the oxygen depleted air flow by controlling the flow rate of the air

flow to the cathode.

38,  The method of claim 36, further comprising controliing a volumetric flow rate
of the oxygen depleted air flow by controlling the current density of the fuel

ceil.

38,  The method of claim 368, further comprising regulating the current density of

the fuel cell so that the voitage value remains above a minimum set point.

40,  The method of claim 38, further comprising regulating the flow rate of the air
fiow to the cathode so that the voltags value remains above a minimum set

point,

41, The method of claim 36, further comprising regulating the current density of
the fuel cell and the flow rate of the air flow to the cathode s0 that the voltage

value remains above a minimum set point.

42, The method of claim 38, further comprising sensing a second signal indicative
of presence of hydrogen in the oxygen depleted air flow when the voltage

value of the fusl cell is lower than a minimum threshold.
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43.

44,

The method of claim 42, further comprising:

detecting the presence of hydrogen in the oxygen depleted air flow
based on the second signal; and

controliing the current density of the fuel cell and/or the flow rate of the
air flow to the cathode based on the detected presence of hydrogen in the

oxygen depleted air flow.

A fuel cell system comprising:

a fuel cell having an anode, a cathede, and an electrolyte positioned
between the anode and the cathode, the cathode configured to receive an air
flow and discharge an oxygen depleted air flow;

a delector configured o generate a first signal indicative of a voliage
value of the fuel celi;

a sensor configured 0 generate a second signal indicative of presence
of hydrogen in the oxygen depleted air flow; and

a confroller in communication with the detector, the sensor, and the
fuel cell, wherein the controller is configured to:

measure a voltage value of the fuel cell based on the first signal;

in response o the voltage value, seleclively regulate a current
density of the fusl cell and/or a flow rate of the air flow to the cathode, wherein
when the voltage value is lower than a minimum threshold,

detect the presence of hydrogen in the oxygen depleted air flow

based on the second signal, and

« A4 .
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45.

48,

in response to detecting the presence of hydrogen in the oxygen
depleted air flow, selectively cause the current density of the fuel cell to

decrease and/or increase the flow rate of the air flow to the cathode,

A method of generating an oxygen depleted air flow, comprising:

supplying an air flow {0 a cathode of a fuel cell, wherein the air flow is
transformed to an oxygen depleted air flow by selectrochemical reactions in the
fusl celi;

detecting a voltage value of the fuel celi;

controlling a current density of the fuel cell and/or a flow rale of the air
flow to the cathode based on the detected voltage value of the fuel cell;

detecting a presence of hydrogen in the oxygen depleted air flow
discharged from the cathode when the vollage value detected is lower than a
minimum threshold; and

controliing a current density of the fuel cell and/or a flow rate of the air
flow to the cathode based on the detected presence of hydrogen in the

oxygen depleted air flow.

A fuel cell system comprising:

a fuel cell having an anode, a cathode, and an electrolyte positioned
between the anode and the cathode, the cathode configured {0 receive an air
flow and discharge an oxygen depleted air flow,

a sensor configured to generate 3 first signal indicative of a
concentration of oxygen in the oxygen depleted air flow; and

a controller in communication with the sensor and the fuel cell, wherein

the controller is configured fo regulate a concentration of oxygen in the

-~ 35 .
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oxygen depleted air flow by regulating a current density of the fuel cell and/or

the flow rate of the air flow o the cathode.

- &8 -



PCT/US2016/041884

7

WO 2017/011449

Ui,

il W

woliy S

WYRLS

EIE RN

NAOAXD

9l

=
{380

v

WY IS

MO

“ .

™

s
Mokt

RES



PCT/US2016/041884

217

WO 2017/011449

i ‘ 3 ! A, .,
/ IR LN cavnou
21 MO ¥ 0315130 NFOAXD +— 53R L, T T aEn
\ /
73, MO Y el 2 e 0
4 J
“ % \\
| /

8%



PCT/US2016/041884

WO 2017/011449

37

§eg
HOSNAS

P . s

CLL AR MY O3 R0 NBDAXD

6l
o

94 HOH Y = —>

o |

MOLOIA0 b




PCT/US2016/041884

WO 2017/011449

4/7

74

______ = YOOI

| o

w o
o i ALISNAD INTHIND T L
IVII0A T T4 METT SV 40 300 MO VATIOWINGY | NOUYZIVELE

14

® HOSNES
| - T ALISNAC %m%u

NASOMOAH S0 30N Td | 1130 13N MO Y 40 2V MO NOLLYZI LN




PCT/US2016/041884

WO 2017/011449

57

77
,,,,,,,,,,, 4 \
NGOOHQAH | O
10 TNS
il ALISNIC LN -
THO B MO HY 40 3V MO ETIOMINGD
: ‘ i
Jovion | H0L3AIR0 =

Lt At

NOUYZTWLIN

<R
d



WO 2017/011449 PCT/US2016/041884

&7

FUEL CELLYOLTAGE {mV)

3

R T,

B
0
e
e
B
20

B T T ¥ S N o

THS EM Y W0 MO HY 031340
NAOAXO NY 40 % T0A NOOHTAH



PCT/US2016/041884

WO 2017/011449

717

4 ) %
FAOTH MY L 40 L TTEO TN 3HL 0 ALSNEC 00
. 4 3O Y IOHINGD | INTHND Y TOHINGD A
e N S S ]
ONISTL ON/SHEA
FOH MY CALT 0 T
5 NIDAXO FHL N NADOHOAH " it %@x&%ffv
o 40 30N3STd 103130 ONSIA o JEANIA Y
; ¥ 49
THI TN 3HL 40 3TWA
IVIOAYLOIEC
] f R
,,,,,,, F
AT Bl GLT1d30 NIOAX0 N ZLRdaN0 Oy
A THD TN Y 20 J00HLYD Y OL MOH HIY NV A1ddns
o8 L !
fw,
P g .!..w
g LS



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2016/041884

A. CLASSIFICATION OF SUBJECT MATTER

INV. HO1M8/04828 HO1M8/0438
HO1M8/04791

ADD. HO1M8/1018 B64D37/32

HO1M8/04537

HO1M8/04664 HO1M8/04746

B64D41/00

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

HOIM B64D

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

AL) 16 June 2011 (2011-06-16)

paragraphs [0014],

9 February 2005 (2005-02-09)
paragraphs [0037],
[0067]; figure 2

[0019] - paragraphs
[0024], [0026], [0029], [0032]; figure
1

[0063] - paragraph

X US 2011/143241 Al (TIGHE THOMAS W [US] ET 1,2,

10-16,
24-27

A EP 1 505 385 Al (HONDA MOTOR CO LTD [JP]) 1,15

D Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

31 August 2016

Date of mailing of the international search report

31/10/2016

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Topalov, Angel

Form PCT/ISA/210 (second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2016/041884
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2011143241 Al 16-06-2011 CN 102270766 A 07-12-2011
DE 102010053632 Al 22-06-2011
US 2011143241 Al 16-06-2011
US 2016043417 Al 11-02-2016
EP 1505385 Al 09-02-2005 CA 2485604 Al 20-11-2003
EP 1505385 Al 09-02-2005
JP 3836440 B2 25-10-2006
JP 2004251862 A 09-09-2004
US 2005155405 Al 21-07-2005
WO 03096000 Al 20-11-2003

Form PCT/ISA/210 (patent family annex) (April 2005)




International application No.
INTERNATIONAL SEARCH REPORT PCT/US2016/041884
BoxNo.ll  Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. |:| Claims Nos.:
because they relate to subject matter not required to be searched by this Authority, namely:

2. |:| Claims Nos.:
because they relate to parts of the international application that do not comply with the prescribed requirements to such
an extent that no meaningful international search can be carried out, specifically:

3. |:| Claims Nos.:
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. lll Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

see additional sheet

—_

As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. |:| As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment of
additional fees.

3. |:| As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. m No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

1, 2, 10-16, 24-27

Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

|:| No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (April 2005)




International Application No. PCT/ US2016/ 041884

FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

This International Searching Authority found multiple (groups of)
inventions in this international application, as follows:

1. claims: 1, 2, 10-16, 24-27

A fuel cell system comprising a fuel cell having, wherein
the cathode receives an air flow and discharge an oxygen
depleted air flow; a hydrogen sensor; and a controller
causing the current density of the fuel cell to decrease
and/or increase the flow rate of the air flow to the cathode
in response to the detected hydrogen in oxygen depleted air
flow. Furthermore, the controller is configured to regulate
the concentration of oxygen in the oxygen depleted air flow
by regulating the flow rate of the air flow to the cathode.

2. claims: 3-9, 17-23, 44, 45

A fuel cell system comprising a fuel cell having , wherein
the cathode receives an air flow and discharge an oxygen
depleted air flow; a hydrogen sensor; and a controller
causing the current density of the fuel cell to decrease
and/or increase the flow rate of the air flow to the cathode
in response to the detected hydrogen in oxygen depleted air
flow. Furthermore, the controller is configured to determine
maximum current density, minimum flow rate and/or to
regulate the volumetric flow rate.

3. claims: 28-43

A fuel cell system with a controller, wherein the controller
detects a voltage value of the fuel cell and controls a
current density of the fuel cell and/or a flow rate of the
air flow to the cathode based on the voltage value detected

4. claim: 46

A fuel cell system comprising: a fuel cell having an anode,
a cathode, and an electrolyte positioned between the anode
and the cathode, the cathode configured to receive an air
flow and discharge an oxygen depleted air flow; a sensor
configured to generate a first signal indicative of a
concentration of oxygen in the oxygen depleted air flow; and
a controller in communication with the sensor and the fuel
cell, wherein the controller is configured to regulate a
concentration of oxygen in the oxygen depleted air flow by
regulating a current density of the fuel cell and/or the
flow rate of the air flow to the cathode.
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