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(57) Abstract: A fuel cell module is configured or operated, or both, such that after a shut down procedure a fuel cell stack is dis-
charged and has its cathode electrodes at least partially blanketed with nitrogen during at least some periods of time. If the fuel cell
module is restarted in this condition, electrochemical reactions are limited and do not quickly re-charge the fuel cell stack. To de-
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may be driven by a battery until the fuel cell stack is able to supply sufticient current to drive the operating blower for normal opera-
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FUEL CELL START UP METHOD

CROSS-REFERENCES TO RELATED APPLICATIONS
[0001] This patent claims the benefit of US provisional patent application number
61/619,073 filed on April 2, 2012 which is incorporated herein by reference.

FIELD
[0002] The invention relates to fuel cells, and, in particular to a method and
apparatus for restarting a fuel cell.

BACKGROUND

[0003] A fuel cell converts chemical energy stored in a fuel into a useful form of
energy, such as for example, electricity. One example of a particular type of fuel cell is a
Proton Exchange Membrane (PEM) fuel cell that is operable to produce electricity.

[0004] A typical PEM fuel cell includes an electrolyte membrane arranged
between an anode electrode and a cathode electrode. Hydrogen fuel is supplied to the
anode electrode and an oxidant is supplied to the cathode electrode. Within the PEM fuel
cell the hydrogen fuel and the oxidant are employed as reactants in a set of
complementary electrochemical reactions that yield electricity, heat and water.

[0005] A number of factors cause other undesired reactions to occur that increase
the rate of wear and degradation experienced by some components of a PEM fuel cell.
For example, small amounts of hydrogen fuel and oxidant remaining inside a PEM fuel
cell, after respective supplies of these reactants are closed off, are known to combust
during shutdown and restarting processes. Combustion within a PEM fuel cell causes the
deterioration of various components including the electrolyte membrane and catalyst
layers deposited on the electrodes. The cumulative deterioration of various components
significantly reduces the efficiency of the PEM fuel cell and may lead to failure of the PEM
fuel cell.

[0006] More specifically, combustion as opposed to electrochemical consumption
of the hydrogen and oxygen occurs because the conditions within a PEM fuel cell module
start to change as support systems operable during the normal operation (i.e. the "on"
state) of the PEM fuel cell module are switched to an "off" state. As the internal conditions
change, some hydrogen molecules diffuse to the cathode side of the membrane and burn
in the presence of the oxygen. Similarly, some oxygen molecules diffuse across the

membrane and react with the hydrogen fuel on the anode side of the membrane. The
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diffusion of hydrogen across the membrane is actually more common (in the absence of a
driving differential pressure across the membrane) since hydrogen molecules are smaller
than oxygen molecules, and, thus more readily diffuse through the membrane.

[0007] Another undesired reaction that may occur is the electrochemical corrosion
of at least one catalyst layer within a PEM fuel cell. This further deteriorates the
performance of a PEM fuel cell.

[0008] US Patent Number 7,425,379 B2, entitled Passive Electrode Blanketing in
a Fuel Cell and issued on September 16, 2008, describes a fuel cell module having a fuel
cell stack, a parasitic load connectable across the electrodes, and a reactant reservoir for
storing an amount of a first reactant such as hydrogen. When the fuel cell module is
shutdown, the stored amount of the first reactant can be drawn to react with an amount of
a second reactant (e.g., oxygen in air) remaining in the stack to electrochemically
consume the first and second reactants, thereby leaving a mixture that substantially
comprises a non-reactive agent (e.g., nitrogen), thereby passively blanketing the
electrodes. The parasitic load limits the voltage of the fuel cell stack and induces the
electrochemical consumption of the first and second reactants remaining in the stack
during shutdown. A pressure gradient between the electrodes and an optional check
valve may allow for movement of the non-reactive agent between electrodes. A process

related to said fuel cell module is also provided.

INTRODUCTION TO THE INVENTION

[0009] The following discussion is intended to introduce the reader to the detailed
description to follow, and not to limit or define any claimed invention.

[0010] The inventor has observed that a fuel cell that has been blanketed with a
non-reactive agent, for example a fuel cell that has been shut down as described in US
Patent Number 7,425,379 B2, can require varying amounts of time to restart. For
example, a fuel cell that has been shut down for only a minute, and a fuel cell that has
been shut down for a day or more, tend to restart essentially immediately. A fuel cell that
has been shut down for an hour, however, may take longer to restart. The delayed start
is less noticeable when a battery, typically provided to operate valves and electronic
controls while the fuel cell stack is not operating, is sufficiently large. However, it is
generally desirable to reduce the size of the battery to the extent possible.

[0011] When a fuel cell module is shut down, its fuel cell stack is typically left in a
discharged state to, among other reasons, avoid presenting an unsuspected electrical

hazard. Without intending to be limited by theory, it is possible that at some periods of
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time following a shut down with passive electrode blanketing, the cathode electrodes of
the fuel cell stack are so completely blanketed with nitrogen that there is very little, if any,
oxygen available to the cathode electrodes. Electrochemical reactions are
correspondingly limited, or not available, and so do not quickly electrically re-charge the
fuel cell stack when the fuel cell module is restarted. A similar problem might occur in a
fuel cell stack that was blanketed with a non-reactive agent by way of some other
process.

[0012] A process and apparatus are described herein to introduce oxygen to the
cathode electrode of a fuel cell stack during start up. While a fuel cell module typically
has a blower adapted to supply air to the cathode during operation, this operating blower
is sized to provide sufficient air for the maximum power output of the fuel cell stack and is
typically powered by the fuel cell stack after the fuel cell stack has been re-charged. The
process and apparatus provide a lesser flow of oxygen, but at a reduced power
requirement. This lesser flow of oxygen can be powered or instigated by a battery before
the fuel cell stack is recharged.

[0013] A fuel cell module is described herein having a fuel cell stack with a device
to supply a reactant (e.g., oxygen in air) to one or more cathode electrodes. The device,
such as a fan, a pump or the operating blower, is operable by way of an electrical input
provided by a battery before the stack is charged, by pressure energy, or both. For
example, but without limitation, the device may be a fan provided in fluid communication
with a cathode electrode. The fan is provided in addition to an operating blower used to
supply air to the fuel cell stack after start up, and has a lower threshold power
requirement than the operating blower. Optionally, the fan may be used as a flow meter
when the blower is operating. In an alternative module, a circuit is provided that allows
the battery to turn the operating blower at low speed for a period of time, for example until
the fuel cell stack is recharged.

[0014] A process for starting a fuel cell module is described herein. The process
has a step of providing a flow of oxygen to a cathode electrode before the fuel cell stack
is charged or without using power produced by the fuel cell stack. The cathode electrode
may have been previously blanketed with a non-reactive agent. Optionally, the flow of
oxygen may be provided or instigated by an electrical device driven by a battery.

[0015] In one fuel cell module described in the detailed description, there is: a fuel
cell stack including at least one fuel cell, each fuel cell including an anode electrode, a
cathode electrode and an electrolyte medium arranged between the anode electrode and

the cathode electrode, wherein during normal operation the anode electrode is provided
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with a first reactant and the cathode electrode is provided with a first mixture containing a
second reactant and a non-reactive agent; a parasitic load that is connectable across the
anode and the cathode electrodes; a reactant reservoir, connectable to the anode
electrode, and able to store an amount of the first reactant suitable for a shutdown
process of the fuel cell module, whereby, in use when the fuel cell module is shutdown,
the stored amount of the first reactant is drawn from the reactant reservoir and
electrochemically reacts with an amount of the second reactant remaining in the fuel cell
module, to electrochemically consume some or all of the amounts of the first or second
reactants, or both, thereby leaving a second mixture that substantially comprises the non-
reactive agent; and a fan, pump or blower connected or connectable to the cathode
electrode and operable to supply the first mixture to the cathode electrode while the fuel
cell is not charged. The reactant reservoir may be, for example, a separate tank or piping
used to provide the first mixture during ordinary operation of the fuel cell module. The
reactant reservoir may be sized, or may be re-fillable, such that an amount of the first
reactant, in addition to first reactant remaining in the fuel cell stack on shutdown, may be
provided to electrochemically consume the amount of the second reactant remaining in,
and drawn into, the fuel cell module during the shutdown process. The fuel cell module
also has a means for providing, during a restarting procedure, more of the fixed mixture to
the cathode electrode using a source of power other than the fuel cell stack, for example
until the fuel cell stack is charged.

[0016] In one process described in the detailed description, for shutting down and
re-starting a fuel cell, the fuel cell including a first electrode, a second electrode and an
electrolyte membrane arranged between the first and second electrodes, wherein during
normal operation the first electrode is provided with a first reactant and the second
electrode is provided with a first mixture containing a second reactant and a non-reactive
agent, the process comprises: stopping an inflow of the first reactant into the first
electrode; cutting-off power to supporting balance of plant elements; drawing current
through a parasitic load connectable across the first and second electrodes; providing an
amount of a first reactant for the electrochemical consumption of a remaining amount of a
second reactant; permitting a delayed inflow of an amount of the first mixture into the
second electrode, optionally wherein the amount of the first reactant and first reactant
remaining in the fuel cell stack on shutdown electrochemically react with the remaining
and inflowing amounts of the second reactant, thereby leaving a second mixture that
comprises the non-reactive agent; and, to re-start the fuel cell module, providing a flow or
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amount of the first mixture before the fuel cell stack is re-charged or by power drawn from
a source other than the fuel cell stack.

[0017] Other aspects and features of the present invention will become apparent,
to those ordinarily skilled in the art, upon review of the following description of one or
more examples or processes and apparatus. The examples are intended to include at
least one embodiment of every claim, but every example is not necessarily an
embodiment of every claim, and every claim does not necessarily include every example.

The examples may also include features that are not steps or elements of any claim.

BRIEF DESCRIPTION OF THE DRAWINGS

[0018] FIG. 1 is a simplified schematic diagram of a fuel cell module;

[0019] FIG. 2 is a schematic diagram illustrating a first arrangement of a fuel cell
module;

[0020] FIG. 3 is a chart illustrating the composition of gases present in cathode

electrodes of the fuel cell module shown in FIG. 2 during sequential stages of a shutdown
process;

[0021] FIG. 3B is a chart illustrating the composition of gasses present in cathode
electrodes of the fuel cell module shown in FIG. 2 during sequential stages of a start up
process;

[0022] FIG. 4 is a schematic diagram illustrating a second arrangement of a fuel
cell module;

[0023] FIG. 5 is a schematic diagram illustrating a third arrangement of a fuel cell
module; and

[0024] FIG. 6 is a schematic diagram illustrating a fourth arrangement of a fuel

cell module.

DETAILED DESCRIPTION

[0025] A fuel cell module is typically made up of a number of fuel cells connected
in series to form a fuel cell stack. The fuel cell module also includes a suitable
combination of associated structural elements, mechanical systems, hardware, firmware
and software that is employed to support the function and operation of the fuel cell
module. Such items include, without limitation, piping, sensors, regulators, current
collectors, seals and insulators.

[0026] Referring to FIG. 1, shown is a simplified schematic diagram of a Proton
Exchange Membrane (PEM) fuel cell module, simply referred to as fuel cell module 100
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hereinafter, that is described herein to illustrate some general considerations relating to
the operation of fuel cell modules. It is to be understood that the present invention is
applicable to various configurations of fuel cell modules that each include one or more
fuel cells.
[0027] There are a number of different fuel cell technologies, and in general, this
invention is expected to be applicable to all types of fuel cells. Besides Proton Exchange
Membrane (PEM) fuel cells, other types of fuel cells include, without limitation, Alkaline
Fuel Cells (AFC), Direct Methanol Fuel Cells (DMFC), Molten Carbonate Fuel Cells
(MCFC), Phosphoric Acid Fuel Cells (PAFC), Solid Oxide Fuel Cells (SOFC) and
Regenerative Fuel Cells (RFC).
[0028] The fuel cell module 100 employs hydrogen as a fuel and air as a source
for an oxidant. Air is approximately 80% nitrogen (N,) and 20% oxygen (O,) and is thus a
suitable source of the oxidant. These percentages have been approximated ignoring the
presence of other gases in the atmosphere (e.g. CO,, CO, SO,, PbS, etc.).
[0029] The fuel cell module 100 includes an anode electrode 21 and a cathode
electrode 41. The anode electrode 21 includes a gas input port 22 and a gas output port
24. Similarly, the cathode electrode 41 includes a gas input port 42 and a gas output port
44. An electrolyte membrane 30 is arranged between the anode electrode 21 and the
cathode electrode 41.
[0030] The fuel cell module 100 also includes a first catalyst layer 23 between the
anode electrode 21 and the electrolyte membrane 30, and a second catalyst layer 43
between the cathode electrode 41 and the electrolyte membrane 30. In some
embodiments the first and second catalyst layers 23, 43 are deposited on the anode and
cathode electrodes 21,41, respectively.
[0031] Aload 115 is coupled between the anode electrode 21 and the cathode
electrode 41.
[0032] In operation, fuel comprising hydrogen is introduced into the anode
electrode 21 via the gas input port 22 under some conditions. Examples of the conditions
include, without limitation, factors such as flow rate, temperature, pressure, relative
humidity and a mixture of the hydrogen with other gases. The hydrogen reacts
electrochemically according to reaction (1), given below, in the presence of the electrolyte
membrane 30 and the first catalyst layer 23.

Hy, + 2H" + 2e” (1)
The chemical products of reaction (1) are hydrogen ions (i.e. cations) and electrons. The

hydrogen ions pass through the electrolyte membrane 30 to the cathode electrode 41
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while the electrons are drawn through the load 115. Excess hydrogen (sometimes in
combination with other gases and/or fluids) is drawn out through the gas output port 24.
[0033] Simultaneously an oxidant, such as oxygen in the air, is introduced into the
cathode electrode 41 via the gas input port 42 under some conditions. Examples of the
conditions include, without limitation, factors such as flow rate, temperature, pressure,
relative humidity and a mixture of the oxidant with other gases. The excess gases,
including un-reacted oxidant and the generated water are drawn out of the cathode
electrode 41 through the gas output port 44,
[0034] The oxidant reacts electrochemically according to reaction (2), given
below, in the presence of the electrolyte membrane 30 and the second catalyst layer 43.
1/20,42H" + 2€" = H,0 (2)
The chemical product of reaction (2) is water. The electrons and the ionized hydrogen
atoms, produced by reaction (1) in the anode electrode 21, are electrochemically
consumed in reaction (2) in the cathode electrode 41. The electrochemical reactions (1)
and (2) are complementary to one another and show that for each oxygen molecule (O,)
that is electrochemically consumed two hydrogen molecules (H,) are electrochemically
consumed.
[0035] Continuously supplying a fuel cell module (e.g. the fuel cell module 100
illustrated in FIG. 1) with hydrogen fuel and oxidant to drive electrochemical reactions (1)
and (2) is wasteful and is unnecessary in many situations, such as, for example, where
there is a fluctuating or intermittent load. However, in some instances shutting down a
fuel cell module initiates one or more undesired reactions that degrade some components
of the fuel cell module. Thus, it is desirable to be able to reliably turn-off (i.e. shutdown)
and re-start a fuel cell module without causing excessive degradation to some
components of the fuel cell module. In some fuel cell modules 100 there is provided a
modification that reduces the rate of wear and degradation experienced by some
components of the fuel cell module during shutdown and re-starting periods. In some fuel
cell modules 100, the modification is adapted to passively reduce the rate of wear and
degradation, whereas in other embodiments active mechanisms are employed to support
passive reduction in the rate of wear and degradation. In particular, in some fuel cell
modules 100 the rate of wear and degradation is reduced by reducing the amount of
combustion of the remaining reactants while increasing the electrochemical consumption
of those reactants during a shutdown process.
[0036] Referring to FIG. 2, shown is a schematic diagram illustrating a fuel cell

module 300. Those skilled in the art will appreciate that a fuel cell module also includes a
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suitable combination of supporting elements, commonly referred to as “balance of plant’,
which are not shown in FIG. 2 but could be provided with the fuel cell module 300.

[0037] The fuel cell module 300 includes a fuel cell stack 200 that is made up of
one of more PEM fuel cells. Each PEM fuel cell (not shown) includes an electrolyte
membrane arranged between an anode electrode and a cathode electrode as
schematically illustrated in FIG. 1. The fuel cell stack 200 has a cathode inlet port 202, a
cathode outlet port 203, an anode inlet port 204 and an anode outlet port 205. The
cathode inlet and outlet ports 202,203 are fluidly connected to each of the respective
cathode electrodes included in the fuel cell stack 200. Similarly, the anode inlet and outlet
ports 204,205 are fluidly connected to each of the respective anode electrodes included
in the fuel cell stack 200.

[0038] The fuel cell stack 200 also includes electrical connections 18a,b across
which a load (e.g., an electric motor) is connectable. A relatively small parasitic load 17 is
optionally connected across the electrical connections 18a,b of the fuel cell stack 200.
The small parasitic load 17 helps to limit the voltage response during a shutdown
process, which is described in more detail below.

[0039] The value of the parasitic load 17 is preferably chosen to be relatively
small compared to an actual load (e.g. the electric motor) that the fuel cell module 300
supplies power to, so that the amount of power dissipated by the parasitic load 17 during
normal operation is relatively small compared to the amount of power dissipated through
the actual load. Optionally, the parasitic load 17 is chosen such that it dissipates less than
0.03% the amount of power dissipated by the actual load during normal operation.

[0040] In FIG. 2, the small parasitic load 17 is permanently coupled across the
electrical connections 18a,b and thus, power is dissipated by the small parasitic load 17
during normal operation. Optionally, the small parasitic load 17 may be arranged so that
it is coupled across the electrical connections 18a,b of the fuel cell stack 200 immediately
before or after the fuel cell module 300 is shutdown and is decoupled from the fuel cell
stack 200 during normal operation.

[0041] Alternatively, the parasitic load 17 may be made-up of internal impedances
within the fuel cell stack 200. In particular, the membrane(s) included in the fuel cell stack
200 may provide enough of an internal resistance to serve as an adequate parasitic
resistance during a shutdown process for limiting the voltage response of the fuel cell
stack 200.

[0042] The fuel cell module 300 includes input valves 10 and 12 that are

controllable to cut-off the inflow of reactant gases to the cathode inlet port 202 and the
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anode inlet port 204, respectively. Similarly, output valves 11 and 13 are provided to
controllably cut-off the outflow of exhaust gases from the cathode outlet port 203 and the
anode outlet port 205, respectively.

[0043] The input valve 10 is connected in series between the cathode inlet port
202 and a blower 60. The blower 60 is any device (e.g., a motorized fan, a compressor,
etc.) suitable to force air into the cathode inlet port 202 when the valve 10 is open.
Optionally, the blower 60 also serves to passively deter, but not necessarily stop, the free
flow of air into the cathode inlet port 202 when power is cut-off from the blower 60. This is
described in more detail below with reference to FIGS. 3, 4 and 6.

[0044] The input valve 12 is connected in series between a fuel supply port 107
and the anode inlet port 204. The fuel supply port 107 is further connectable to a
hydrogen fuel supply vessel (not shown) or some other hydrogen fuel delivery system
(not shown). A fuel reservoir 19 and a flow control device 14 are connected respectively
in series between the input valve 12 and the anode inlet port 204.

[0045] The output valve 11 is connected in series between the cathode outlet port
203 and a first exhaust port 108. Similarly, the output valve 13 is connected in series
between the anode outlet port 205 and a second exhaust port 109. The exhaust ports 108
and 100 are each optionally connectable to other devices, such as for example, an
exhaust system including an electrolyzer for re-cycling exhaust gases or liquids from the
fuel cell module 300.

[0046] A check valve 15 is connected between an air supply port 106 to the
ambient environment (not illustrated) and the cathode inlet port 202, such that the check
valve 15 is in parallel with the input valve 10. Optionally, the check valve 15 may be a
pressure sensitive mechanism that opens when the pressure at the cathode inlet port 202
drops below the air pressure of the ambient environment by a pre-set amount, known as
a cracking pressure. The cracking pressure may be set to correspond to a predetermined
pressure differential between the air pressure in the ambient environment and the
pressure inside of the cathode inlet port 202. The predetermined pressure differential may
correspond to a total volume of a mixture of gases in the cathode electrodes in the fuel
cell stack 200 and, in particular, to an amount of oxygen in the cathode electrodes relative
to other gases, such as for example nitrogen from the air. This is described in further
detail below with reference to FIG. 3.

[0047] The hydrogen reservoir 19 is provided to store a fixed amount of hydrogen
that is employed during a shutdown process of the fuel cell module 300 that is described

in further detail below with reference to FIG. 3. Optionally, the hydrogen reservoir 19 may
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be a vessel that is appropriately sized to store enough hydrogen fuel to substantially
electrochemically consume the oxygen remaining in the fuel cell module 300 when the
valves 10, 11, 12 and 13 are closed and the forced inflow of air from the blower 60 is
terminated. In another option, the hydrogen reservoir 19 is made-up of a predetermined
length of hose or tubing (possibly coiled) for storing enough hydrogen for the same
purpose. Alternatively, the hydrogen reservoir 19, whether in the form of a vessel, hose or
tubing, may be smaller than required but the amount of hydrogen fuel in the hydrogen
reservoir 19 is replenished as required during a shutdown process so that enough
hydrogen fuel is provided to substantially electrochemically consume the remaining
oxygen. Moreover, those skilled in the art would appreciate that the amount of hydrogen
(or reactant of interest) remaining in a fuel cell stack after shutdown is to be taken into
consideration when sizing a hydrogen (reactant) reservoir. The amount of hydrogen to be
provided is preferably also adjusted to account for the amount of air or oxygen, if any, that
is expected to flow into the fuel cell stack during the shutdown procedure, as will be
further discussed below.

[0048] The flow control device 14 is provided to regulate the supply of hydrogen
fuel delivered to the anode inlet port 204 by, for example, setting the pressure of the
hydrogen fuel delivered to the anode inlet port 204. Optionally, the flow control device 14
may be a forward pressure regulator that is dome loaded using air pressure in
combination with a bias spring. The forward pressure regulator sets the pressure at the
anode inlet port 204 relative to the pressure at the cathode inlet port 202 by some
amount. For example, the pressure at the anode inlet port 204 may be regulated to be
higher than the pressure at the cathode inlet port 202 by a predetermined fixed amount.
Alternatively, a flow control device may be used that requires a power supply for
operation, whereas a flow control device may also be a passive element, such as for
example, a passive forward pressure regulator.

[0049] The fuel cell module 300 optionally includes a hydrogen recirculation pump
16 connecting the anode outlet port 205 to the anode inlet port 204. During normal
operation of the fuel cell module 300 the hydrogen recirculation pump 16 is operable to
re-circulate some portion of the unused hydrogen expelled through the anode outlet port
205 back to the anode inlet port 204.

[0050] Examples of the types of valves that are usable for the valves 10, 11, 12
and 13 include, without limitation, normally closed valves, normally open valves and
latching valves. Those skilled in the art would appreciate that various other types of

valves may be suitably employed.
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[0051] Optionally, some of the valves 10, 11, 12 and 13 may be normally closed
valves. A normally closed valve is opened, thus permitting free flow of gases (or liquids),
only when a control signal (or some electromotive force) is continuously supplied to the
particular valve. That is, when power is not supplied to a particular normally closed valve,
the valve remains closed, thus preventing the free flow of gases (or liquids) through the
valve,

[0052] Optionally, some of the valves 10, 11, 12 and 13 may be normally open
valves. A normally open valve is closed, thus stopping the free flow of gases (or liquids),
only when a control signal (or some electromotive force) is continuously supplied to the
particular valve. That is, when power is not supplied to a particular normally open valve,
the valve remains open, thus allowing the free flow of gases (or liquids) through the valve.
[0053] Optionally, some of the valves 10, 11, 12 and 13 may be latching valves. A
latching valve requires a control signal pulse to switch between "open" and "closed"
positions. In the absence of a control signal pulse (or another electromotive pulse) a
latching valve remains in the position it is in without change.

[0054] During normal (i.e. energy producing or an "on" state) operation of the fuel
cell module 300 the valves 10, 11, 12 and 13 are open permitting the free flow of gases
(and liquids) to/from the respective ports 202, 203, 204 and 205. Moreover, power is
supplied to the blower 60, the flow control device 14 and the hydrogen re-circulation
pump 16 to regulate the inflows of reactant gases into the fuel cell stack 200. Those
skilled in the art will appreciate that other supporting elements are supplied with power
accordingly and that energy produced by the fuel cell module 300 is coupled from the
electrical connections 18a,b.

[0055] Oxidant for the cathode electrodes in the fuel cell stack 200 is obtained
from air, which, again, is made up of approximately 20% oxygen. The blower 60 forces air
into the cathode inlet port 202 via the open input valve 10. Once inside the cathode
electrodes some of the oxygen from the air is employed in the electrochemical reaction
(2) described above.

[0056] Hydrogen fuel travels through the fuel supply port 107 into the anode inlet
port 204 via the hydrogen reservoir 19 and the flow control device 14. The hydrogen
recirculation pump 16 also contributes to the hydrogen fuel supply delivered to the anode
inlet port 204, as it operates to force some portion of the unused hydrogen that is
expelled from the anode outlet port 205 back into the anode inlet port 204. Once inside
the anode electrodes some of the hydrogen is employed in electrochemical reaction (1)

described above.
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[0057] Excess exhaust gases and liquids from the cathode outlet port 203 and the
anode outlet port 205 flow through the corresponding output valves 11 and 13 and out of
the fuel cell module 300 through exhaust ports 108 and 109, respectively.

[0058] The check valve 15 remains closed during normal operation since the
pressure in the cathode inlet port 202 is equal to or greater than the air pressure of the
ambient environment.

[0059] When a conventional fuel cell module is shutdown the conditions within the
fuel cell stack change. The conditions change because elements that support and
regulate the operation of the fuel cell stack switch to their respective shutdown states. For
example, the input and output valves are closed, which cuts off the supply inflows and
exhaust outflows. Moreover, when an element such as a flow control device switches to a
shutdown state internal conditions, such as for example, the pressure within the anode
electrodes change. When the internal conditions of the fuel cell stack change the
hydrogen and oxygen remaining in the fuel cell stack and the feed lines (between the fuel
cell stack and the closed valves) are often substantially consumed in combustion
reactions as opposed to being consumed in the electrochemical reactions (1) and (2), as
described above.

[0060] The fuel cell module 300 illustrated in FIG. 2 is not a conventional fuel cell
module, as the components of the fuel cell module 300 are configured to passively
reduce the overall amount of combustion of hydrogen and oxygen within the fuel cell
stack 200 during a shutdown process. This is accomplished by passively inducing an
increase in the electrochemical consumption of hydrogen and oxygen that is left inside
the fuel cell module 300 relative to what would normally occur during a shutdown process
in a conventional fuel cell module.

[0061] In particular, the hydrogen reservoir 19 serves as a source for a sufficient
amount of additional hydrogen fuel for the fuel cell stack 200 after the input valve 12 has
been closed. Briefly, the additional hydrogen fuel drawn from the hydrogen reservoir 19,
in combination with other parts of the fuel cell module 300, induces the electrochemical
consumption of the oxygen remaining inside the fuel cell stack 200. Also, since the
source of the oxygen is air (which is approximately 80% nitrogen) the electrodes within
the fuel cell stack 200 are passively blanketed with nitrogen. A high concentration of
nitrogen reduces the amount of combustion that occurs within the fuel cell stack 200. The
passive blanketing process is a function of the change in pressures within the fuel cell
module 300 and specifically within the fuel cell stack 200. The blanketing process that
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occurs during a shutdown process is described in detail below with reference to FIG. 3
and continued reference to FIG. 2.

[0062] FIG. 3 shows a chart illustrating an approximate and simplified breakdown
of the mixture of gases present in the cathode electrodes of the fuel cell stack 200 shown
in FIG. 2 during sequential stages of a shutdown period. FIG. 3 is provided only as an aid
for the visualization of a substantially continuous and fluid process and it is in no way
intended to limit the scope of the invention as claimed in the following section.

[0063] When the fuel cell module 300 is shutdown the inflows of reactant gases
(hydrogen fuel and oxygen carried in the air) are cutoff so that the fuel cell stack 200 is
effectively starved of the reactant gases that are needed to continue the electrochemical
reactions (1) and (2). In order to do this, the valves 10, 11, 12 and 13 are closed and the
power supplied to the blower 60, the flow control device 14 and the hydrogen recirculation
pump 16 is cut-off. Closing the output valves 11 and 13 reduces the amount of gases that
leak into the cathode and anode electrodes, respectively, via the corresponding outlets
203 and 205, when the fuel cell module 300 is shut down.

[0064] The role of the parasitic load 17, whether it is connected permanently or
not, is to limit the voltage of the fuel cell stack 200 (i.e. the stack voltage) when the fuel
cell module 300 is shutdown and/or de-coupled from the actual load. If the parasitic load
17 is not connected permanently, the parasitic load 17 is coupled across the electrical
connections 18a,b immediately before or after a shutdown process is initiated. Preventing
the output voltage of the fuel cell stack 200 from reaching a very high level helps to limit
an electrochemical corrosion mechanism that can be triggered by a high stack voltage.
The presence of the parasitic load 17 further induces the electrochemical consumption of
the hydrogen and oxygen remaining within the fuel cell module 300 when a shutdown
process is initiated.

[0065] Specifically, the parasitic load 17 passively induces the electrochemical
consumption of the remaining reactant gases by providing a path for current and voltage
to be discharged from the fuel cell stack 200. As the concentration of the reactant gases
is reduced on either one or both of the anode or cathode electrodes, the electrochemical
potential of the constituent fuel cells (measured as voltage) of the fuel cell stack 200
decreases. If the parasitic load 17 is a simple resistor, as the fuel cell voltage decreases,
the corresponding current flowing through the resistor also decreases. This coupling
between the gradual decrease in fuel cell voltage potential and the resulting decrease in
current dissipation from a static resistor results in a gradual decrease in fuel cell voltage
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without the danger of fuel cells going negative within the fuel cell stack, as would be the
case if a larger current draw was occurring without sufficient supply of reactant gases.
[0066] Referring now to 3-1 in FIG. 3, immediately after a shutdown process is
initiated the cathode electrodes within the fuel cell stack 200 contain a mixture of gases
that roughly corresponds to the composition of air (on earth). That is, each cathode
electrode in the fuel cell stack 200 contains a mixture of gases that is approximately 80%
nitrogen and 20% oxygen (ignoring traces of other gases). The pressure in each cathode
electrode is approximately the same as the air pressure in the ambient environment (e.g.
about 1 atm).

[0067] As the conditions within the fuel cell stack change (for reasons discussed
above) the oxygen in the cathode electrodes of the fuel cell stack 200 is primarily
electrochemically consumed according to electrochemical reactions (1) and (2). The
required hydrogen fuel used to sustain the electrochemical reactions (1) and (2) is
supplied from the hydrogen reservoir 19. As the oxygen is consumed the volume of the
gas mixture in the cathode electrodes drops significantly causing a corresponding drop in
internal pressure within the cathode electrodes. lllustrated at 3-2 of FIG. 3 is an example
of the breakdown of a mixture of gases within the cathode electrodes after the oxygen
has been substantially consumed. Nitrogen makes up approximately 98% of the gases
present in the cathode electrodes and the pressure within the cathode electrodes is
approximately 0.8 atm.

[0068] With continued reference to FIG. 2, since the internal pressure within the
cathode electrodes of the fuel cell stack 200 falls below the air pressure of the ambient
environment the check valve 15 opens, presuming that the cracking pressure has been
exceeded. Additional air flows into the fuel cell module 300 via the air supply port 106 and
the open check valve 15 leading to a new mixture of gases in the cathode electrodes. The
check valve 15 closes when the pressure within the cathode electrodes rises to a level
sufficient to close the check valve (taking into consideration the tolerances of the check
valve used), which will happen after a sufficient amount of air enters the cathode
electrodes. When a conventional check valve is used a spring will force the valve to close
once the pressure within the cathode electrodes has risen enough that a delta pressure is
below the check valve cracking pressure.

[0069] Assuming that the check valve were to remain open until the pressure with
the cathode electrode was approximately equivalent to that of the ambient environment,
the breakdown of the new mixture of gases is illustrated at 3-3 of FIG. 3. The new mixture

of gases consists of 80% nitrogen from the original mixture of gases illustrated at 3-1, and
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20% of newly added air. Taking into consideration that air is about 80% nitrogen, the
equivalent breakdown of the new mixture of gases shown at 3-3 is illustrated at 3-4 of
FIG. 3. The total amount of nitrogen present in the cathode electrodes is about 96% and
the pressure is about the same as the air pressure of the ambient environment (e.g. 1
atm). This process is repeated, with the oxygen present in the cathode electrode (being
approximately 4% of the cathode electrode volume) being electrochemically consumed
with hydrogen provided from the hydrogen reservoir 19. In turn, the void created in the
cathode electrodes by the oxygen consumption would be filled with air from the ambient
environment (once again composed of approximately 80% nitrogen and 20% oxygen).
Consequently, the cathode electrodes of the fuel cell stack 200 are blanketed with
predominantly nitrogen gas by this substantially continuous process.

[0070] Furthermore, the arrangement of the fuel cell module 300 illustrated in FIG.
2 also induces passive nitrogen blanketing of the anode electrodes in the fuel cell stack
200. As the hydrogen fuel from the hydrogen reservoir 19 is consumed, the volume of the
gas mixture present in the anode electrodes drops, which, subsequently results in a
corresponding pressure drop within the anode electrodes. The pressure drop within the
anode electrodes induces a pressure gradient to be established across the respective
membranes from the cathode to the anode side of each membrane in the fuel cell stack
200. This pressure gradient will passively draw nitrogen across the membranes from the
respective cathode electrodes to the anode electrodes, thus, causing the anode
electrodes to be blanketed with nitrogen as well.

[0071] Those skilled in the art will appreciate that the blanketing of the cathode
and the anode electrodes occurs in concert in a continuous and fluid manner and it is
thus difficult to illustrate this process in discrete steps. Thus, the description provided
above is not intended to limit the scope of the invention to a specific sequence of discrete
events or processes.

[0072] Optionally, a fuel cell module may be configured to actively reduce the
overall amount of combustion of hydrogen and oxygen within the fuel cell stack 200
during a shutdown process. For example, nitrogen from a reservoir may be injected into
the cathode electrodes, the anode electrodes, or both, of the fuel cell module during a
shut down process.

[0073] Optionally, and in order to achieve a more effective blanketing of the
anode and cathode electrodes with nitrogen of atmospheric pressure, sufficient access to
additional air may be provided to as to leave a high concentration of nitrogen remaining

after the oxygen has been almost completely consumed. This in turn requires a near
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stoichiometric amount of hydrogen to be supplied to the anode electrodes of a fuel cell
stack to facilitate the electrochemical consumption of the oxygen. More generally, at least
one reactant supplied to a fuel cell must be provided with a non-reactive agent that
remains within the fuel cell after the reactants have been almost completely
electrochemically consumed by one another.

[0074] Still referring to FIG. 3, some aspects of restarting the fuel cell module 300
can be considered. As discussed above, at 3-3 of Fig. 3, the mixture of gasses in the
cathode electrode 41 comprises about 4% oxygen and the fuel cell stack 200 has not
been completely discharged by the parasitic load 17. If a need arises to re-start the fuel
cell module at this time, the input valve 12 and output valve 13 may be opened,
momentarily or permanently, for example using electrical power from a battery provided
with the fuel cell module 300, to allow hydrogen from a pressurized fuel tank to displace
the nitrogen in the anode electrode 21. With some oxygen present within the cathode
electrode 41, an electrochemical reaction can commence and be used to assist the
battery in re-charging the fuel cell stack 200. Once the fuel cell stack 200 is re-charged,
normal operation can be re-commenced. Further, after nitrogen has been drawn into the
anode electrode 21, input valve 10 and output valve 11 may be opened. Over time, for
example several hours, a day or more, air or oxygen will move by natural forces into the
cathode electrode 41. If the fuel cell module 300 is started up in this condition, an
electrochemical reaction is again available to help re-charge the fuel cell stack 200.
However, at 3-4 in FIG. 3, or near to it, very little if any oxygen is available in the cathode
electrode 41 and very little, if any, electrochemical reaction is available to help re-charge
the fuel cell stack 200. In this case, the fuel cell module 300 may not restart quickly in the
absence of an otherwise unnecessarily large battery used to re-charge the fuel cell stack.
[0075] Referring to FIG. 3B, at the beginning of a start up method, the cathode
electrode 41 is at 3-5 blanketed almost entirely with nitrogen. In order to decrease the
start up time required, an amount of air is added to the cathode electrode, displacing
some of the nitrogen as shown at 3-6. Oxygen in the air is now available for
electrochemical reactions to help charge the fuel cell stack 200. The amount of air shown
in 3-6 is only an example. The amount of air added to the cathode electrodes 41 of the
fuel cell stack 200 before the fuel cell stack is recharged may be, for example, 10% to
100% of the available gas volume in the cathode electrodes 41. The air is provided by a
source of energy other than the fuel cell stack, for example a battery or pressurized gas.
[0076] The fuel cell stack 200 may be considered to be charged, re-charged, or

not discharged, when it reaches a selected level of charge. The selected level of charge

-16 -



10

15

20

25

30

WO 2013/149337 PCT/CA2013/050256

does not need to be as large as the normal operating or maximum charge level of the fuel
cell stack 200. For example, the selected level of charge may be 50% or 75% of the
normal operating or maximum charge level of the fuel cell stack 200. The selected
charge level is preferably sufficient for the fuel cell stack 200 to power the balance of
plant. For example, the fuel cell stack 200 is preferably able when charge to operate an
air blower 60 described below through its ordinary operating circuit.

[0077] Referring to FIG. 2, a pump 300 is used to move air into the cathode
electrodes 41 of the fuel cell stack 200 before the fuel cell stack 200 is recharged. During
a start up procedure, inlet valve 12 is opened to allow hydrogen pressurized in a tank to
flow into fuel supply port 107. The hydrogen dilutes nitrogen in the anode electrodes 21
and also displaces a piston 302 in a cylinder 304 in communication with the anode inlet
port 204. The opposite face of the piston 302 is in communication with the cathode
supply port 202. Accordingly, the hydrogen pressure causes the piston 302 to discharge
a volume of air from the cylinder 304 into the cathode electrodes 41 of the fuel cell stack
200. The cylinder 304 is recharged with air during the next shut down procedure by
opening valve 306 while there is a partial vacuum in the anode electrode 21 (3-2 in FIG.
3) which causes piston 302 to retract. Alternatively, in a fuel cell module in which a
sufficient vacuum is not created (for example as in FIG. 4), a spring 308 may be used.
The volume of reservoir 19 is adjusted to compensate for hydrogen added to the fuel cell
stack 200 when piston 302 retracts. Optionally, other pumping mechanisms may be
provided to use the pressure, pressure drop, or flow of hydrogen during a start up
procedure to move air into the fuel cell stack 200.

[0078] Referring to FIG. 4, shown is a schematic diagram illustrating a second
fuel cell module 302. Those skilled in the art will appreciate that a fuel cell module also
includes a suitable combination of supporting elements, commonly referred to as
“balance of plant’, which are not shown in FIG. 4 but could be provided with the second
fuel cell module 302.

[0079] The fuel cell module 302 illustrated in FIG. 4 is similar to the fuel cell
module 300 illustrated in FIG. 2. Accordingly, elements common to both fuel cell modules
300 and 302 share common reference indicia. The differences between the two fuel cell
modules 300 and 302 are that the fuel cell module 302 does not include input valve 10,
output valve 11, check valve 15 and air supply port 106. Further, fuel cell module 302
uses a fan 400 rather than pump 300 to supply air to the fuel cell stack 200 during a start
up procedure.
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[0080] The blower 60, illustrated in FIG. 4 is coupled to the cathode inlet port 202
without a valve (e.g. input valve 10) arranged there between. The blower 60 is any device
(e.g., a motorized fan, a compressor, etc.) that serves to force air into the cathode inlet
port 202. The blower 60 also serves to passively deter, but not necessarily stop, the free
flow of air into the cathode inlet port 202 when power is cut-off from the blower 60. The
blower 60 is designed or selected to operate at the fuel cell stack 200 voltage and is
powered by the fuel cell stack 200 during normal operation of the second fuel cell module
302.

[0081] During normal operation, the fuel cell module 302 operates in a
substantially identical manner to fuel cell module 300 described above.

[0082] During a shutdown process the operation of the fuel cell module 302 is
similar to the operation of the fuel cell module 300; however, as already noted, there is no
check valve to deter and permit free air flow into the cathode inlet port 202. Instead, the
flow of air into the cathode inlet port 202 is slowed down enough by the path through the
blower 60 that the oxygen remaining in the cathode electrodes of the fuel cell stack 200
(when the fuel cell module 300 is shutdown) is substantially electrochemically consumed
before additional air flows into the cathode electrodes to replace the lost volume of the
consumed oxygen. That is, with further reference to FIG. 3, the breakdown of the mixture
of gases in the cathode electrodes is similar to what is shown at 3-2 before additional air
is passively drawn into the cathode electrodes by the relative drop in pressure. Once
additional air makes its way through the blower 60 into the cathode electrodes of the fuel
cell stack 200 the breakdown in the mixture of gases in the cathode electrodes is similar
to what is shown in 3-3 (and, equivalently 3-4).

[0083] In other words, the partial restriction of the air flow through the blower 60
prevents the continuous, rapid replenishment of the electrochemically consumed oxygen
on the cathode electrode which would prevent the formation of a predominately nitrogen
rich gas composition on the cathode electrode. Thus a gradual depletion of oxygen
concentration on the cathode electrode follows a similar process as described above with
respect to FIG. 2, with the exception that no large measurable vacuum is created in the
cathode electrodes. Rather the electrochemical depletion of oxygen creates a volumetric
void and a localized depleted oxygen concentration in the cathode electrodes that draws
additional air to the electrode surface (through a combination of pressure and
concentration differential driving forces).

[0084] Moreover, since there is no output valve (e.g. output valve 11) to block the

path from the cathode outlet port 203 to the first exhaust port 108, some air flows into the
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cathode electrodes via the cathode outlet port 203 and the first exhaust port 108. Also, as
described above with respect to FIG. 2, as hydrogen is consumed, in the fuel cell module
302 (of FIG. 4), the pressure in the anode electrodes drops causing nitrogen to be drawn
across the respective membranes.

[0085] It should also be noted that since valves 10 and 11 from FIG. 2 are not
included in fuel cell module 302, air will continue to diffuse into the cathode electrode.
Over time this will cause the gas composition in the cathode electrodes to equalize to
approximately that of the surrounding atmosphere. This in turn will gradually result in a
change in concentration in the anode electrode gas composition, such that over an
extended period of time it can be assumed that both the anode and cathode electrode
gas compositions will be approximately that of the surrounding atmosphere. In such
embodiments slightly higher levels of degradation are expected compared to the previous
examples described above.

[0086] Again, those skilled in the art will appreciate that the blanketing of the
cathode and the anode electrodes occurs in concert in a continuous and fluid manner and
it is thus difficult to illustrate this process in discrete steps. Thus, the description provided
above is not intended to limit the scope of the invention to a specific sequence of discrete
events or processes.

[0087] As mentioned above, in the fuel cell module 302 the cathode electrodes
eventually contain air after the fuel cell module 302 is shut down. This makes oxygen
available to support electrochemical reactions to help charge the stack on start up.
However, there is a period of time, which may range from five minutes to up to a day,
after the fuel cell module 302 is shut down but before air re-enters the cathode electrodes
in an amount sufficient to provide a rapid start up. During this period of time, the cathode
electrodes are completely or partially blanketed with nitrogen, for example as in 3-5 of
FIG. 3B, and start up time can be decreased by forcing air into the cathode electrodes.
[0088] To move air into the cathode electrodes, a fan 400 is turned on until the
fuel cell stack 200 is able to operate blower 60. Fan 400 may be, for example, a muffin
fan of the type used to cool electronics. Fan 400 is operable by way of a DC voltage
supplied from a battery, for example a battery used to operate valves 12, 13 and
electronic controls for the fuel cell module 302. Operating fan 400 moves air into the
cathode electrodes, for example as in 3-6 of FIG. 3A, to decrease the start up time.
[0089] Optionally, fan 400 may be combined with other components of the fuel
cell module 302. For example, fan 400 may be a second winding within blower 60.

Alternatively, fan 400 may be a flow sensor used during normal operation to measure the
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output of blower 60. Fan 400 may also be located downstream of cathode outlet 203, or
upstream of blower 60, rather than in the position between blower 60 and cathode inlet
202 shown in FIG. 4. Fan 400 may also be located in parallel with blower 60, with or
without an isolation valve, or in communication with a T-junction in a pipe connected to
cathode inlet 202 or cathode outlet 203, with or without an isolation valve.

[0090] Referring to FIG. 5, shown is a schematic diagram illustrating a third fuel
cell module 304. Those skilled in the art will appreciate that a fuel cell module also
includes a suitable combination of supporting elements, commonly referred to as
“balance of plant’, which are not shown in FIG. 5 but could be provided with the third fuel
cell module 304.

[0091] The fuel cell module 304 illustrated in FIG. 5 is similar to the fuel cell
module 300 illustrated in FIG. 2. Accordingly, elements common to both fuel cell modules
300 and 304 share common reference indicia. The differences between the two fuel cell
modules 300 and 304 are that the fuel cell module 304 does not include output valve 11,
check valve 15 and air supply port 106. Fuel cell module 304 also uses a fan 400 rather
than a pump 300, however, fuel cell module 300 may alternatively use a fan 400 and fuel
cell module 304 may alternatively use a pump 306.

[0092] During normal operation the fuel cell module 304 operates in a
substantially identical manner to fuel cell module 300, described above.

[0093] During a shutdown process the operation of the fuel cell module 304 is
similar to the operation of the fuel cell module 302 described above. Again, there is no
check valve to deter and permit free air flow into the cathode inlet port 202. Moreover, the
input valve 10 is arranged between the blower 60 and the cathode inlet port 202, so
additional air cannot flow into the cathode electrodes of the fuel cell stack 200 via the
blower 60 during a shutdown process since the input valve 10 is closed. Instead, the flow
of air into the cathode electrodes comes through the cathode outlet port 203 via the first
exhaust port 108. In such an embodiment it is desirable to size and/or shape the first
exhaust port 108 such that the flow of air in the reverse direction is slowed down enough
by the reverse path through the first exhaust port 108 so that the oxygen remaining in the
cathode electrodes of the fuel cell stack 200 (when the fuel cell module 300 is shutdown)
is substantially electrochemically consumed before additional air flows into the cathode
electrodes to replace the lost volume of the consumed oxygen. That is, with further
reference to FIG. 3, the breakdown of the mixture of gases in the cathode electrodes is
similar to what is shown at 3-2 before additional air is passively drawn into the cathode

electrodes by the relative drop in pressure. Once additional air makes its way through the
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blower 60 into the cathode electrodes of the fuel cell stack 200 the breakdown in the
mixture of gases in the cathode electrodes is similar to what is shown in 3-3 (and,
equivalently 3-4). Also, as described above with respect to FIG. 2, as hydrogen is
consumed, in the fuel cell module 304 (of FIG. 5), the pressure in the anode electrodes
drops causing nitrogen to be drawn across the respective membranes.

[0094] Again, those skilled in the art will appreciate that the blanketing of the
cathode and the anode electrodes occurs in concert in a continuous and fluid manner and
it is thus difficult to illustrate this process in discrete steps. Thus, the description provided
above is not intended to limit the scope of the invention to a specific sequence of discrete

events or processes.

[0095] During the state up procedure, inlet valve 10 is opened before fan 400 is
turned on.
[0096] Referring to FIG. 6, shown is a schematic diagram illustrating a fourth fuel

cell module 306 according to aspects of another embodiment of the invention. Those
skilled in the art will appreciate that a fuel cell module also includes a suitable
combination of supporting elements, commonly referred to as “balance of plant’, which
are not shown in FIG. 6 but could be provided with the third fuel cell module 306.

[0097] The fuel cell module 306 illustrated in FIG. 6 is similar to the fuel cell
module 300 illustrated in FIG. 2. Accordingly, elements common to both fuel cell modules
300 and 306 share common reference indicia. The differences between the two fuel cell
modules 300 and 306 are that the fuel cell module 306 does not include input valve 10,
check valve 15 and air supply port 106. Further, fuel cell module 306 is shown using a
fan 400 although it may also use a pump 300.

[0098] As in FIG. 4, the blower 60 illustrated in FIG. 6 is coupled to the cathode
inlet port 202 without a valve (e.g. input valve 10) arranged there between. The blower 60
is any device (e.g., a motorized fan, a compressor, etc.) that serves to force air into the
cathode inlet port 202. The blower 60 also serves to passively deter, but not necessarily
stop, the free flow of air into the cathode inlet port 202 when power is cut-off from the
blower 60.

[0099] During normal operation the fuel cell module 306 operates in a
substantially identical manner to fuel cell module 300, described above.

[00100] During a shutdown process the operation of the fuel cell module 306 is
similar to the operation of the fuel cell modules 300 and 302; however, as already noted,
there is no check valve to deter and permit free air flow into the cathode inlet port 202.

Instead, the flow of air into the cathode inlet port 202 is slowed down enough by the path
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through the blower 60 that the oxygen remaining in the cathode electrodes of the fuel cell
stack 200 (when the fuel cell module 300 is shutdown) is substantially electrochemically
consumed before additional air flows into the cathode electrodes to replace the lost
volume of the consumed oxygen. That is, with further reference to FIG. 3, the breakdown
of the mixture of gases in the cathode electrodes is similar to what is shown at 3-2 before
additional air is passively drawn into the cathode electrodes by the relative drop in
pressure. Once additional air makes its way through the blower 60 into the cathode
electrodes of the fuel cell stack 200 the breakdown in the mixture of gases in the cathode
electrodes is similar to what is shown in 3-3 (and, equivalently 3-4).

[00101] Moreover, since the fuel cell module 306 includes the output valve 11,
additional air is prevented from entering the cathode outlet port 203 during a shutdown
process since the output valve 11 is closed during the shutdown process. Also, as
described above with respect to FIG. 2, as hydrogen is consumed, in the fuel cell module
306 (of FIG. 6), the pressure in the anode electrodes drops causing nitrogen to be drawn
across the respective membranes.

[00102] Again, those skilled in the art will appreciate that the blanketing of the
cathode and the anode electrodes occurs in concert in a continuous and fluid manner and
it is thus difficult to illustrate this process in discrete steps. Thus, the description provided
above is not intended to limit the scope of the invention to a specific sequence of discrete

events or processes.

[00103] During the start up procedure, outlet valve 11 is opened before fan 400 is
turned on.
[00104] With reference to FIGS. 2, 4, 5 and 6, as an alternative for fuel cell

modules 300, 302, 304, 306 an optional second check valve 26 (illustrated only in FIG. 6)
can be coupled between the anode inlet port 204 and the cathode inlet port 202. The
second check valve 26 is configured to open when there is a pre-determined pressure
differential between the pressure in the anode electrode(s) and the cathode electrode(s)
during a shutdown process permitting flow from only the cathode electrodes(s) to the
anode electrode(s); and, during normal operation the second check valve 26 is configured
to remain closed.

[00105] The second check valve 26 is used to ensure that nitrogen from the
cathode electrodes is passed to the anode electrodes when a sufficient portion of the
hydrogen fuel from the hydrogen reservoir 19 is consumed electrochemically, which will
result in a corresponding pressure drop as described above. This is to supplement and/or
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replace the need for nitrogen diffusion across the respective membranes in the fuel cell
stack 200, as a means for blanketing the anode electrode(s).

[00106] With reference to FIGS. 4, 5 and 6, as an alternative for fuel cell modules
302, 304, 306, the fan 400 may be omitted and its function replaced by an additional
circuit for driving the blower 60 using a battery, for example a battery already present in
the balance of plant. As mentioned above, blower 60 is driven during normal operation
by the fuel cell stack. In this alternative, the battery is connected to blower 60 to operate
blower 60 as described for fan 400 during start-up. The battery is able to turn blower 60
only slowly, for example at less than 25% or less than 10% of the normal operating speed
of the blower 60. The battery may be connected to the blower through a transformer to
provide voltage and current output more appropriate for moving the blower. Alternatively,
the battery may be connected to the blower 60 through a circuit containing one or more
capacitors configured to provide pulses of electricity to the blower 60. The battery to
blower circuit is switched on at or near the beginning of the start-up procedure. After a
period of time, optionally determined by polling the fuel cell stack 200 to determine if the
fuel cell stack 200 has is re-charged, the battery to blower circuit is switch off and the fuel
cell stack 200 is electrically connected to the blower 60.

[00107] Optionally, though not preferably, the fuel cell stack 200 can be used to
drive fan 400 or blower 60, or assist the battery in driving fan 400 or blower 60, before the
fuel cell stack 200 is charged. This option is not generally preferred because drawing
power from the fuel cell stack 200 delays re-charging the fuel cell stack 200 relative to an
option in which the same amount of power is provided by a battery. However, this option
may be useful in a case in which battery capacity is limited. If a fan 400 has as
sufficiently low resistance, the benefit derived from accelerating chemical reactions in the
fuel cell stack 200 may justify drawing power from the fuel cell stack 200. If there is no
fan 400, the fuel cell stack 200 can be connected to blower 60 through a start-up circuit
having one or more transistors or capacitors configured to supply the blower 60 with
pulsed or continuous power while reducing the apparent resistance of the blower 60 or
otherwise restricting the power drawn from the fuel cell stack 200. In a further option, a
start-up procedure may have an initial period of time in which a fan 400 or blower 60 is
driven by a battery followed by an intermediate period of time in which fan 400 is
electrically connected to the fuel cell stack 200, or a blower 60 is electrically connected to
the fuel cell stack through a power limiting circuit, without or without the battery also being
connected to the fan 400 or blower 60. This intermediate period of time ends when the

fuel cell stack 200 is recharged. The recharged state may be determined by polling the

-23-



WO 2013/149337 PCT/CA2013/050256

fuel cell stack 200 to determine if it has reached a specified charge level, for example
50% or more or 75% or more of its normal operating charge or maximum charge. The
fuel cell module 302, 304, 306 then resumes normal operation.

[00108] What has been described is merely illustrative of the application of the
principles of the invention. Those skilled in the art would appreciate that other
arrangements are possible without departing from the scope of the present invention. It is
therefore to be understood that within the scope of the appended claims, the invention
may be practiced otherwise than as specifically described herein.
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WHAT IS CLAIMED IS:

1. A fuel cell module, for use with hydrogen as a first reactant and air, including
oxygen as a second reactant and nitrogen as a non-reactive agent, the fuel cell module
comprising:

a fuel cell stack including at least one fuel cell, each fuel cell including an anode
electrode, a cathode electrode and an electrolyte medium arranged between the anode
electrode and the cathode electrode, wherein during normal operation the anode
electrode is provided with the first reactant and the cathode electrode is provided with air;

a parasitic load that is connectable across the anode and the cathode electrodes;

a reactant reservoir in communication with the anode electrode; and,

a pump, fan or blower, operable to supply air to the cathode electrodes (a) while
the fuel cell stack is in a discharged state or (b) using a power source other than the fuel
cell stack.

2. A process for shutting down and restarting a fuel cell, the fuel cell including a first
electrode, a second electrode and an electrolyte arranged between the first and second
electrodes, wherein during normal operation the first electrode is provided with a first
reactant and the second electrode is provided with a first mixture containing a second
reactant and a non-reactive agent, the process comprising:

stopping inflow of the first reactant into the first electrode;

cutting-off power to supporting elements of the fuel cell;

drawing current through a parasitic load connectable across the first and second
electrodes;

providing an amount of a first reactant for the electrochemical consumption of a
remaining amount of a second reactant;

permitting an inflow of an amount of the first mixture into the second electrode;
and,

when re-starting the fuel cell module, providing a flow or amount of the first
mixture to the second electrode (a) before the fuel cell stack is recharged or (b) using a

power source other than the fuel cell stack.

3. A fuel cell module comprising,

a fuel cell stack;
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a device adapted to supply air to one or more cathode electrodes of the fuel cell
stack (a) while the fuel cell stack is in a discharged state or (b) using a power source

other than the fuel cell stack.

4, The fuel cell module of claim 3 further comprising a battery wherein the device is
operable by way of electrical energy provided by the battery.

5. The fuel cell module of claim 4 wherein the device is a fan and the fuel cell
module further comprises a blower adapted to provide air to the one or more cathode
electrodes when the fuel cell stack is operating in a charged state.

6. The fuel cell module of claim 5 wherein the fan is adapted to operate as a flow
meter or flow sensor when the blower is operating.

7. The fuel cell module of claim 3 further comprising a tank containing compressed
hydrogen wherein the device is operable by way of energy provided by flow, pressure or

a change in pressure, of the hydrogen.

8. The fuel cell module of claim 4 wherein the device is a blower ordinarily powered
by the fuel cell stack and the fuel cell module further comprises a circuit adapted to
temporarily connect the battery to the blower.

9. A process for starting a fuel cell module comprising a step of providing a flow of
oxygen to a cathode electrode of a fuel cell stack (a) before the fuel cell stack is re-

charged or (b) using a power source other than the fuel cell stack.

10. The process of claim 9 wherein the cathode electrode has been previously
blanketed with a non-reactive agent.

11. The process of claim 9 or 10wherein the flow of oxygen is provided by operating
an electrical device driven by a battery.

12. The process of claim 11 wherein the electrical device is a fan other than a blower
that is driven by the fuel cell stack during ordinary operation of the fuel cell module.
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13. The process of claim 11 wherein the electrical device is a valve.

14, The process of claim 11 wherein the electrical device is a blower that is driven by

the fuel cell stack during ordinary operation of the fuel cell module.

15. The process of any of claims 9 to 14 further comprising a step of polling the fuel

cell stack to determine when the fuel cell stack is re-charged.

16. The process of claim 15 wherein the fuel cell stack is considered to be re-charged

when it has reached at least 50% of its normal operating or maximum state of charge.
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